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ABSTRACT 
 
 
 
Frozen-thawed boar sperm holds the potential to have an impact on the future of 
the swine industry.  Utilization of this technology could improve a swine producer’s 
ability to access top-tier genetics from around the world, to improve efficiency, 
profitability, and the quality of product to meet consumer demands.  Effective application 
of frozen-thawed sperm can help reduce the potential risk associated with devastating 
economic loss due to the spread of disease. Frozen storage of boar sperm also provides a 
safeguard in the event of disease outbreaks, as genetic material from paternal lines can be 
preserved and banked for repopulation purposes.  Historically these benefits have been 
masked by reduction in fertility measures such as litter size.  The reduced fertility results 
from the damage sustained by the sperm cell during cryopreservation.  However, 
increased understanding of this damage has lead to improved cryopreservation methods, 
ultimately increasing post-thaw viability and fertility.  Enhancements in breeding 
technology have also resulted in a better understanding of the AI methods required to 
achieve acceptable farrowing rates and litter size.  Fertility following AI with frozen-
thawed sperm is approaching that of liquid stored sperm, and producers may soon reap 
the benefits of this technology.  This thesis will outline the current swine industry, 
opportunities for utilizing frozen-thawed sperm, the main components of sperm, why 
they are susceptible to damage, and current freezing and breeding practices.   
 Objective 1 was to develop a cryopreservation protocol for our lab that resulted in 
consistent post-thaw motility ( ≥ 40%) that would eventually be used by Illinois boar 
studs for domestic and international sale of frozen sperm.  Evaluation with both manual 
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microscopy and CASA methods were conducted to verify quality.  A preliminary 
breeding trial was then conducted to test the fertility of sperm frozen with this method.  
There were 41 ejaculates from 23 boars used for freezing. Sperm were frozen at 1.4x109 
sperm/mL, averaging 55.6±1.1% (mean±SE) motility, following thaw.  The samples 
assessed were not different (P>0.05) in motility when compared with manual or CASA 
systems, and results were most reliable at a 1:40 sperm dilution.  In the preliminary 
breeding trial, gilts (n=14) were inseminated with either a single (n=10) or double (n=4) 
AI using 1, 2, or 4x109 motile, frozen-thawed sperm.  Overall, the resulting pregnancy 
rates averaged 71.4% and numbers of normal fetuses per litter averaged 15.5±1.3 per 
litter.  A feasibility study for freezing cost per ejaculate was estimated at $275/ejaculate 
or $11/dose of frozen-thawed semen at standard doses of 5x109 total frozen-thawed 
sperm.  This cost estimate did not include genetic value, fixed equipment costs, 
depreciation, or variable lab space fees. 
 Objective 2 focused on the proper methods for breeding with frozen-thawed boar 
sperm to achieve fertility.  Our hypothesis was that increased numbers of inseminations 
and increased numbers of motile frozen-thawed sperm would improve pregnancy rate and 
litter size.  Results showed acceptable fertility at high sperm numbers, but also the 
optimal method for insemination with the lowest dose tested.  Gilts (n=111) responded to 
synchronization methods and were bred with 1, 2, or 4x109 motile frozen-thawed sperm 
from six boars using a single AI at 32 h, or a double AI, with the first AI at 24 and 32 h 
following estrus.  Ultrasound was conducted at 12 h intervals to estimate the time of 
ovulation.  On day 32 of gestation, overall pregnancy rate (73%) and number of normal 
fetuses per litter (10.8±0.5) across all treatments did not differ, and were not affected by 
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number of motile sperm, or the interaction of number of motile sperm and number of 
inseminations. However, the number of inseminations tended to affect (P=0.14) the 
number of normal fetuses.  Litter size increased with a double AI compared to single AI.  
Multiple inseminations helped to allow insemination to occur close to ovulation in 
response to variation in the time of ovulation.  Both pregnancy rate and number of normal 
fetuses were greater when the time of the AI at 32 h occurred closer to the estimated time 
of ovulation (P<0.05).  In addition, other factors such as presence of an abnormal ovary at 
day 30 decreased (P<0.001) pregnancy rate, while boar affected number of normal 
fetuses (P<0.01).  Analysis of our data using a fertility index revealed doses of 2x109 
motile sperm with multiple AI can achieve acceptable fertility with use of less sperm, 
when compared to AI using 4x109 motile sperm.  The methods described here will 
investigate the potential for improved fertility when using frozen-thawed sperm, while 
accounting for variation in time of ovulation.   
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1.0 Introduction 
  
Frozen-thawed boar semen offers many benefits to the global swine industry, namely 
through improvements in biosecurity, and access to high value of genetic material.  However, 
many of these benefits are often overlooked by the industry, as frozen semen is known for 
decreased fertility levels (Johnson et al., 2000).  This thesis will outline the structure of the 
present swine industry and the benefits that frozen semen holds. Sperm development, structure, 
and susceptibility to damage during cryopreservation will be discussed, while methods to control 
this damage will also be described.  An evaluation of current breeding methods will be 
presented, and through the two experiments conducted this thesis will convey the potential for 
more concise methods to freeze and breed with frozen-thawed semen for future development, 
which may lead to increased acceptability of frozen sperm for use in swine production.   
 The swine industry has changed dramatically in recent years as producers adopted 
management styles in order to meet global demands for product, and thwart the ever present risk 
of economically devastating disease transfer.  The utilization of AI has allowed producers to 
improve herd genetics and efficiency rates, thus reducing expenses in the changing market (Key 
and McBride, 2007).  From a reproductive standpoint, the use of AI has had a large role in 
reducing disease threats through the use of regular health screenings by boar studs, and 
minimizing movement of breeding animals within regions (Boender et al., 2007; Maes et al., 
2008).  Use of frozen-thawed sperm for AI may play a key role in improving genetics and 
controlling disease risk, as it has an unlimited shelf life and can be held until a sire is certified 
disease free (Bailey et al., 2008).  However, frozen sperm does have a number of limitations, 
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including reduced fertility and expense that prevent its acceptance as a commonly used breeding 
method and thus often times its benefits are missed. 
 The highly specialized sperm cell produced in the boar, originates from single stem cells 
within the testis as a result of the highly regulated process of spermatogenesis.  Through a series 
of 6 mitotic divisions, and meiosis, hundreds of sperm are produced from a single cell (Senger, 
2003).  Following differentiation and spermiation, the resulting cells that now are capable of 
fertilization are comprised of a head and flagellum.  Each has a role in allowing the sperm to 
fertilize an egg.  Both the sperm head and flagellum are susceptible to the damage associated 
with cryopreservation (Watson, 1995).   
 The dramatic swing in temperature and osmotic pressure during the cooling and freezing 
phases of cryopreservation cause severe damage to and alteration of the function of the plasma 
membrane, flagellum, and intracellular components of sperm, thus resulting in decreased 
lifespan, viability, and fertility post-thaw (Corcuera et al., 2007).  Primary factors causing this 
damage are phase transitions and separations in the sperm membrane, as well as intra- and extra- 
cellular ice crystal formation (Hammerstedt et al., 1990; Parks, 1997).  However methods 
utilizing freezing mediums, cryoprotectants, and freezing curves that account for these factors 
can limit damages due to cryopreservation, and have improved post-thaw sperm viability in the 
60 years since the discovery of glycerol’s importance (Fiser et al., 1993).  These improvements 
have resulted in improved post-thaw viability, and improved fertility following AI. 
 The swine industry currently relies on well established breeding techniques for liquid 
stored sperm.  This is because liquid AI has predictable fertility outcomes when two AI are 
utilized with approximately 3x109 sperm per dose (Kemp et al., 1996).  However, the 
methodology for utilizing sperm in a frozen state is uncertain as the damages sustained during 
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cryopreservation dramatically reduces fertility post-thaw.  Even at high concentrations of 5x109 
cells, fertility remains low.  In early studies, investigation of proper concentration and number of 
AI showed mixed results (Johnson, 1985).  Recent trials have shown that the time of AI in 
relation to the time of ovulation plays a large role in fertility (Waberski et al., 1994).  Alternative 
technologies such as deep uterine insemination (DUI) may allow for further perfection of 
breeding techniques with frozen-thawed semen (Roca et al., 2003).   
 Objective one of the research presented in this thesis was to develop a technique for 
cryopreservation of boar semen in our lab for use by Illinois boar studs that could approach 
~50% post-thaw motility.  This appeared feasible as many studies have made improvements to 
the freezing method, thus improving post-thaw quality (Bwanga et al., 1990; Großfeld et al., 
2008).  Successful freezing and subsequent breeding trials would allow for the future use of this 
technology for research, production, sale of frozen semen, and export of genetics on a global 
scale.   
 Objective two of this thesis was to investigate the effect of number of inseminations and 
number of motile frozen-thawed sperm, in relation to the time of ovulation.  Many trials have 
been conducted investigating the timing of insemination and the shortened lifespan of frozen-
thawed sperm (Bolarín et al., 2006; Waberski et al., 1994), however few trials have tested the 
interaction of these using cervical AI.  Insights into the effects of the combination of these 
factors will lead to a better understanding of the breeding methods required to make the most 
efficient use of frozen-thawed boar sperm. 
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2.0 Current swine industry. 
 
2.1 Impact of AI on the swine industry. 
 
2.1.1 Global demand and current pork industry structure. 
 
Pork accounts for 43% of the meat consumed globally (USDA, 2009b).   The United 
States is expected to export 20% of its production in 2010 for a total of about 2 million metric 
tons (USDA, 2009b). Overall production has dropped 2%, in the past year in the United States 
and 7% in Canada, while global pork production has increased 2% to 101.9 million tons, the 
largest volume of any terrestrial meat produced globally (USDA, 2009b).  China is currently 
producing over 50 million tons of pork, while the European Union, United States, Brazil, Russia, 
and Ukraine account for the remaining tons of pork produced (USDA, 2009b).  Over the next 11 
years demand is expected to reach 125 millions tons (Gerrits et al., 2005).   
Pork production globally, while strong, has undergone many changes in the past two 
decades in the United States. These changes came about as production systems moved away 
from outdoor, low number of animals per operation, to mostly indoor, high number of animals 
per farm (Brent, 1991; Honeyman, 1996; Key and McBride, 2007).  An evaluation of the United 
States swine industry from 1992 to 2004 showed a 71% decrease in numbers of farms (240,000 
to 70,000), while there was an increase of 5 million pigs to 60 million total during the same time 
period (Key and McBride, 2007).  This boost in pig numbers is explained by the increase in the 
percentage of swine operations with an inventory of over 2000 pigs from 30 to 80% during the 
same 12 years (Key and McBride, 2007), while the number of smaller individually operated and 
 5 
family owned farms declined (Honeyman, 1996).  Additionally production contracts between 
large hog farms and producers have become common (Honeyman, 1996; Key and McBride, 
2007). Currently 44% of pigs in the United States are raised under contract (USDA, 2009c).  
This shift has unquestionably changed the agricultural and rural economies (Honeyman, 1996).  
The changes in production methods were brought forth by cost to profit ratios (Gerrits et al., 
2005; Honeyman, 1996; Key and McBride, 2007), as well as a number of management practices 
such as crated gestation (Brent, 1991) and  AI with liquid extended sperm (Key and McBride, 
2007; Levis, 2000; Singleton, 2001).  Benefits such as decreased feed and labor costs (Brent, 
1991; Key and McBride, 2007), as well as an increase in overall reproductive efficiency 
(Flowers and Alhusen, 1992; Flowers and Esbenshade, 1993) helped to cement this intensive 
system as an industry standard in the United States.  Increased efficiency brought about by these 
changes has decreased production costs on farrow to finish operations from $58.89/cwt in 1992 
to $42.44/cwt in 2004, while labor costs alone decreased by $0.60/cwt (Key and McBride, 2007).  
Producers in the United States have recently faced challenges in the cost of production as corn 
prices rose to over $6.00/bu and bean prices rose to over $14.50/bu during the year 2008 (USDA, 
2009a).  This has driven producers to cut costs where possible and look for alternative sources of 
feed ingredients such as dried distillers grains (Rausch and Belyea, 2006; Stein and Shurson, 
2008).   The pork industry remains strong globally and has changed drastically in recent times.   
However the United States pork industry faces many challenges in the future due to increasing 
feed costs and other expenses over the last two years combined with slumping market demand, 
and market scares such as the H1N1 virus outbreak (known as “Swine Flu”) which resulted in a 
reported average net loss of $21.57 per head for United States producers in August 2009 (Miller, 
2009).   
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 Reproductive efficiency remains one of the driving factors in the swine industry, because 
every pig produced represents a potential for profit.  Reproductive efficiency has improved 
outcomes as a result of AI with liquid stored sperm.  This technology allows for the use of 
improved genetics resulting in increased fertility and feed efficiency, therefore reducing 
production costs (Robinson and Buhr, 2005; Singleton and Schinckel, 1995).  It would appear 
that larger farms have utilized this technology as operations with 100 pigs or less had average 
litter sizes of 7.4 pigs per litter, while operations with over 5000 pigs which averaged 9.8 pigs 
weaned per litter (USDA, 2009c).  Use of liquid stored sperm for AI accounts for more than 75% 
of inseminations in the United States (Roca et al., 2006c).  The use of AI does limit animal 
movement and direct animal contact for breeding purposes, however it does not fully eliminate 
the risk of the spread of diseases (Guerin and Pozzi, 2005).  Biosecurity measures and constant 
tests seem the only way to reduce the threat, but use of AI still can have many herd health risks. 
 
2.1.2 Production efficiency and genetic benefits of AI. 
 
The development of AI with liquid extended sperm changed the pork industry by 
allowing more efficient management and reduction in the cost of production.  AI eliminated the 
need for having a large number of boars on the farm and thus significantly decreased animal 
purchase costs as well as feed (Singleton and Schinckel, 1995) and labor costs (Flowers and 
Esbenshade, 1993).  One boar can cost as much as $2/d in feed and maintenance costs and has an 
estimated 20 month productive life expectancy in a herd (Koketsu and Sasaki, 2009; Singleton 
and Schinckel, 1995).  Since the introduction of AI, the number of boars per herd has continued 
to decrease as shown over the last ten years.  For example, in 1998 the average breeding herd had 
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1 boar/31 females, while in 2009 the average breeding herd had 1 boar/98 females (PigChamp, 
1999, 2009).   During the past 10 years the overall reproductive efficiency has improved as 
farrowing rates increased from 73.2% to 78.3% and total born per litter increased from 10.1 to 
11.5 live born pigs per litter (PigChamp, 1999, 2008).  Labor costs are also reduced as up to 4 
females can be bred by AI in the time it takes to naturally breed one female (Flowers and 
Alhusen, 1992; Hemsworth and Tilbrook, 2007; Willenburg et al., 2003).  In addition, AI more 
efficiently utilizes semen as 20-40 doses can be collected per boar housed, at a boar stud facility 
per week, while a boar utilized for natural breeding can only breed 6 times per week before they 
are exhausted (Hemsworth and Tilbrook, 2007; Knox et al., 2008). 
The capability to produce multiple AI doses per ejaculate with liquid extended sperm, 
coupled with longer lasting extender has allowed better genetics to be disseminated more rapidly, 
and thus has increased the ability of producers to meet the demand of the consumer market 
(Gerrits et al., 2005).  The boar studs in North America as well as the thousands of hog farms 
they service have capitalized on this advantage (Knox et al., 2008).  Globally, 155 million doses 
of semen are used for AI in a single year (Weitze, 2000).  Sires are selected for genetic qualities 
that can have an economic impact within a farm (Gerrits et al., 2005).  Important traits for boars 
include growth, muscle composition, and reproductive efficiency.  These traits impact production 
efficiency and fit the industry’s need to meet the consumer’s demands for a lean and nutritious 
product (Robinson and Buhr, 2005).  Methods for selecting sires for multiple traits include 
breeding based on Best Linear Unbiased Prediction (BLUP), Expected Progeny Differences 
(EPD), or Estimated Breeding Values (EBV) (Lofgren et al., 1989; Robinson and Buhr, 2005).  
This type of selection has been used by purebred associations in the United States and Canada 
(Robinson and Buhr, 2005).  AI widens the availability of genetically superior males to 
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producers in the United States.  The increased production efficiency offered by cross-breeding 
with AI when compared to pure-breeding systems may be more profitable, as it has been 
reported that terminal crossbreeding systems have a profit potential of $9,556 per litter 
(Singleton and Schinckel, 1995).  The terminal breeding system, now utilized by 60% of farrow 
to wean operations, makes good utilization of AI technology (Key and McBride, 2007).  
Additionally, AI allows breeding based on the presence of specific traits or lack of genetic 
defects such as the halothane gene (de Vries et al., 2000; Rosenvold and Andersen, 2003).  It has 
been proposed that the future goal of swine breeders should be to completely remove the 
halothane gene and other less desirable genetic defects from the population (Rosenvold and 
Andersen, 2003).  It has also been suggested that boars can be selected for breeding based on 
immune resistance to specific diseases (Gerrits et al., 2005).  As producers continue to recognize 
the improved efficiencies of production traits and increased profitability of leaner and higher 
quality product (Robinson and Buhr, 2005) new genetics will be introduced into swine herds and 
technologies such as AI use will continue to spread into small farms and developing countries.   
 
2.1.3 Disease threat to industry and limitations of AI with liquid preserved fresh chilled semen. 
 
As new genetics are introduced to a region, disease control is a major area of concern for 
the swine industry.  However AI doses produced in biosecure conditions can actually reduce this 
threat.  Biosecurity is an important issue in the swine industry as many diseases threaten herd 
health.  With great risk to a nation’s swine herd health, animals are imported as a food source or 
for essential genetic improvement (Boender et al., 2007; Whiting, 2003).  However, animals 
moved within a nation can also cause disease transfer, wide spread disease outbreaks, and severe 
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financial loss (Boender et al., 2007; Whiting, 2003).  Presence of an infectious disease in 
domestic herds can impose trade barriers between nations (Romero et al., 2001).  Individual 
production systems must employ strategies to control disease transfer by humans, and also have 
stringent regulations for down time and clothing as part of their biosecurity plan (Amass et al., 
2004; Dee et al., 2004).  Many farms utilize all-in all-out systems (Key and McBride, 2007), and 
isolation periods for new pigs added to herds (Guerin, 1996; StÄrk, 2000).  AI has helped in 
biosecurity measures as AI with liquid stored sperm allows new genetics to be introduced 
without direct animal contact (van Rijn et al., 2004) or down time (Maes et al., 2008).  A disease 
free health status of a boar and environmental conditions at the time of collection ensure 
prevention of contagious diseases such as Porcine Reproductive and Respiratory Syndrome 
(PRRS) (Guerin and Pozzi, 2005; Maes et al., 2008; van Rijn et al., 2004).  Boar studs ensure 
high health by using vaccinations as an important part of biosecurity plans.  In studs, facility 
design, as well as isolation and health testing protocols provide a safeguard to the high health of 
boars (Singleton, 2001).  To further limit disease risk, studs use collection protocols that require 
the use of disposable materials and extenders containing antibiotics to control the growth of 
bacteria and presence of environmental contaminants that reduce fertility (Althouse and Lu, 
2005; Knox et al., 2008).  In addition, blood and semen samples from boars are tested using 
ELISA or RealTime PCR to detect boars that have harmful diseases in semen samples (Cui et al., 
2008; Guerin and Pozzi, 2005; Rossow, 1998; van Rijn et al., 2004).  Successful disease 
prevention is especially important as each piglet has an estimated value of $13.50 (Lay et al., 
2002).  Total losses from diseases as well as other factors in the swine industry have been 
estimated to be as high as $330 million annually (Lay et al., 2002), while preventative measures 
that reduce piglet mortality rate by 1%, save up to $17 million annually (Losinger, 2005). 
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The use of AI does limit direct animal contact and animal movement, however it does not 
eliminate disease risk (Boender et al., 2007; Guerin, 1996; van Rijn et al., 2004).  A major 
limitation of AI is that transfer of both bacterial and viral venereal diseases can occur when 
utilizing liquid extended sperm for AI if boars are not constantly tested with timely assays 
(Guerin and Pozzi, 2005; van Rijn et al., 2004).  A disease outbreak in a boar stud could result in 
widespread transfer of disease to many individual swine operations domestically or in other 
countries (Boender et al., 2007; Maes et al., 2008).  Infected boars often shed diseases in semen 
whether or not they show clinical signs (Maes et al., 2008).  Bacterial diseases such as 
Leptospirosis and Brucelosis are highly contagious when females are exposed to contaminated 
semen (Maes et al., 2008).  Bacterial infections with Chlamydia are known to decrease farrowing 
rate and litter size (Maes et al., 2008).  Control of bacterial disease is achieved through use of 
vaccinations in swine herd health plans (Haesebrouck et al., 2004).  Two viral diseases that 
currently plague the swine industry are Porcine Reproductive and Respiratory Syndrome (PRRS) 
and Porcine Circovirus type 2 (PCV2).  Both of these diseases are highly contagious and are 
spread by aerosols, feces, and in semen (Prieto and Castro, 2005).  Following infection, PCV2 is 
shed up to 42 days (Maes et al., 2008), while PRRS virus is shed up to 92 days post infection, 
and often without clinical signs of disease (Prieto and Castro, 2005). Individually, these diseases 
are both known to cause high return rates and increased numbers of stillborns in the breeding 
herd, along with other symptoms including pneumonia and diarrhea in newborns and weaned 
pigs resulting in high mortality rates (Mateusen et al., 2007; Rossow, 1998).  Females infected 
with PRRS or PCV2 during gestation show lowered fertility (Mateusen et al., 2007; Prieto and 
Castro, 2005; Yoon et al., 2004).  When combined, these diseases can lead to Post-weaning 
Multisystematic Wasting Syndrome (PMWS) (Allan and Ellis, 2000; Drolet et al., 2003).  Many 
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diseases can be effectively controlled by a thorough biosecurity management plan utilizing 
vaccinations, regular cleaning, and control of animal movement (Albina, 1997; Opriessnig et al., 
2007).  However, complete eradication of these diseases is difficult as a single farm can maintain 
and even spread the PRRS virus for up to 2.5 years after initial outbreak as weaned pigs with 
weakened immune systems are exposed to the disease by older pigs (Albina, 1997). 
A disease important to the global and domestic swine industry is Foot and Mouth Disease 
(FMD).  This virus can be found in swine semen, but has not been shown to cause an infection in 
the female or its young (Gloster et al., 2007; Maes et al., 2008).  The fact that it has been found 
in semen however makes it a significant risk when using AI (Guerin and Pozzi, 2005).  This 
disease is particularly virulent as it has been known to affect all cloven-hoofed animals, infecting 
every tissue of the body, which in turn sheds the disease (Grubman and Baxt, 2004; Maes et al., 
2008).  Rapid spread of this disease throughout a region is common in aerosol form (Boender et 
al., 2007). Contraction of this disease results in lameness due to lesions on the feet and facial 
orifices resulting in reduced productivity in adults, and certain death in young due to heart failure 
(Grubman and Baxt, 2004).  The control of FMD is quite expensive and is accomplished 
primarily by eradication, but also by limiting animal movement, and imposing proper biosecurity 
methods (Amass et al., 2004; Gloster et al., 2007; Grubman and Baxt, 2004).  While vaccination 
is available for FMD is available through the federal government, use of the vaccine prevents 
export to some countries (Grubman and Baxt, 2004).  Steps to curtail the spread of FMD cost the 
British agricultural economy 3.1 billion pounds in 2001 (Quan et al., 2004). Although many 
contagious and economically threatening diseases that challenge swine herds globally, 
biosecurity strategies and secure AI semen sources can be effective in controlling the risk of 
disease transfer while making new gentic improvements (Guerin, 1996). 
 12 
Although AI with liquid extended sperm has great advantages for disease control, genetic 
advancement, and fertility, liquid extended sperm has a limited lifespan.  Use of liquid stored 
sperm for AI requires that semen be used in a week after collection. However the overall 
viability of sperm decreases daily (De Ambrogi et al., 2006; Levis, 2000).  The limited lifespan 
severely decreases the geographic locations to which it can be shipped, therefore limiting the 
spread of top tier genetics (Gerrits et al., 2005).  A method by which this handicap can be 
overcome is necessary to further improve herd genetics, and thus profitability, around the world. 
 
2.2 Importance of frozen-thawed semen and limitations. 
 
2.2.1 Advantages of frozen-thawed semen. 
 
Liquid stored sperm does have a number of disadvantages from a longevity standpoint.  
However, frozen-thawed semen could hold promise for 1) dissemination of genetics on a global 
scale, 2) banking of paternal genetics, and 3) effective biosecurity measures, resulting in a 
positive impact on the swine industry both nationally and globally.  This potential stems from the 
virtually static viability of frozen semen over time in storage (Johnson, 1985).  Thus, this 
medium offers not only the ability to breed in concert with a female’s reproductive cycle, but 
also the facility to transport frozen semen and the genetic value it posses over long distances 
(Bailey et al., 2008).   In addition, this type of storage system enables the preservation of 
genetics and allows inclusion of previous traits in current genetic lines, as well as the banking of 
genetic material for use in the case of emergency or for niche markets (Purdy, 2008b).  Further, 
frozen semen could have a role in preventing future biosecurity threats in the swine industry, and 
 13 
may also help to reintroduce paternal genetics following eradication due to an outbreak.  In 
effect, the use of frozen semen has great potential in the face of disaster.  
While AI with liquid stored sperm has many advantages and is the current production 
standard, a drawback is it’s short lifespan of semen once it has been collected and extended. 
 There are three main types of liquid extenders for storage at 17 ºC; short term (1 to 2 days), 
medium (3 to 5 days), and long term (5 to 10 days) (Gerrits et al., 2005; Levis, 2000; Vyt et al., 
2004).  Motility and overall quality has been shown to decrease significantly over a period of 7 
days in all types (Levis, 2000; Vyt et al., 2004).  Optimally, liquid extended semen is best when 
used within 3-5 days after collection (De Ambrogi et al., 2006; Vyt et al., 2004).  In the past 
producers have been hesitant to utilize frozen-thawed sperm due to the expense of freezing, 
lower post thaw motility, and reduced fertility upon AI (Eriksson et al., 2002).  While fertility 
declines during the transition from liquid to frozen, no changes occur in the viability of frozen 
semen while stored in liquid nitrogen for years or decades (Johnson, 1985).  Frozen semen can 
be shipped to any locale and used at the proper time of a female’s cycle with no decline in semen 
fertility (Bailey et al., 2008).  Since 1983, the Norwegian swine industry has utilized this 
advantage over liquid extended sperm and has allowed producers to have access to semen that 
would have been limited by liquid extenders (Almlid et al., 1987; Hofmo and Grevel, 2000).   
Today in Norway over 90% of AI’s take place with frozen-thawed sperm (Hofmo and Grevel, 
2000).  More importantly the stability shown by frozen semen makes it an ideal tool for 
exporting genetics (Johnson et al., 2000), as frozen semen can be shipped globally in dry 
shippers that have enough Nitrogen vapor to maintain doses for up to ten days.  This would be a 
less expensive option compared to importing live animals for adding new genetics to a herd 
(Eriksson et al., 2002).  Frozen semen allows for cost effective transfer of genetics nationally and 
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internationally, and thus pork producers around the world can access top tier genetics (Gerrits et 
al., 2005).  In the future advantages of frozen semen may expand the use of frozen, sex-sorted 
semen (Bathgate et al., 2007).   
Freezing offers other advantages as well, as semen from individual boars can be frozen, 
stored, or banked until their genetics are needed to re-introduce genes for specific traits into 
herds (Almlid and Hofmo, 1996; Hofmo and Grevel, 2000; Purdy, 2008b).  This type of banking 
is occurring through the USDA-ARS National Center for Genetic Resources Preservation 
National Animal Germplasm Program (Purdy, 2008b), in the Norwegian swine industry (Almlid 
and Hofmo, 1996; Hofmo and Grevel, 2000), and in genetic companies (Roca et al., 2006a) such 
as Swine Genetics International (SGI).  Currently SGI has an inventory of boar semen available 
dating back to 1979 (SGI, 2009), which allows producers access to their genetics long after boars 
are gone (Almlid and Hofmo, 1996).  For practical production, ejaculates from boars can be 
frozen (when collections are not in demand or needed immediately) and then sold during times 
of high demand allowing continual profit potential from high value boars.  This type of banking 
can combine genetic and economic potential that could be used in niche markets such as exhibit 
and youth swine industries.  This practice would fit well with the use of frozen semen especially 
since the emphasis in the show pig industry seems to be for high health pigs of upper level 
genetic value rather than on litter size (Gerrits et al., 2005).    
Frozen boar semen also offers advantages for biosecurity.  A practical biosecurity 
advantage would be to use frozen-thawed sperm from boars tested for a specific health status for 
addition of new genetics (Bailey et al., 2008).  Ejaculates can be frozen and held for a 
determined period of time while a boar’s health status is checked before his semen is shipped or 
used within a herd (Bailey et al., 2008).  This practice would work well with export markets as 
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semen is required to be certified free of disease prior to shipment (Bailey et al., 2008).  
Additionally, if a boar dies or develops the disease outside of a determined time frame, the 
previously banked semen could be tested for use (Bailey et al., 2008).  Frozen semen could be 
used to re-establish the paternal traits of valuable genetic lines after emergencies, such as a mass 
eradication of infected animals following an outbreak of FMD (Hofmo and Grevel, 2000; 
Johnson et al., 2000).   
 
2.2.2 Limitations of frozen-thawed semen. 
 
Despite its many advantages, frozen semen does have serious limitations.  As with liquid 
semen the disease free status of semen is limited to the health of the boar, quality of biosecurty, 
and reliability of tests for diseases (Maes et al., 2008; van Rijn et al., 2004).  Straws that are 
damaged or have contaminated surfaces may transfer diseases when stored in liquid nitrogen if 
not properly contained (Holt, 2000a).  Additionally, it must be noted that nitrogen vapor shipping 
containers by themselves may pose a biosecurity threat if surfaces both in and outside the 
container are not properly cleaned between shipments (Bielanski, 2005).  In such cases 
organisms in the tank may survive the extremely low temperatures of liquid nitrogen (Grout and 
Morris, 2009).  Another issue is that producers are often reluctant to utilize frozen semen due to 
its high cost when compared to liquid semen (Gerrits et al., 2005).  Liquid preserved sperm may 
be valued at $6-8 per dose, while frozen semen can cost as much as $12 per dose in freezing 
costs alone (Kelley, 2004; Singleton and Schinckel, 1995).  However, the main deterrent for 
utilizing frozen-thawed sperm for breeding purposes is the reduced farrowing rates < 70% and 
reduced litter sizes (Roca et al., 2006c; Watson, 2000).    
 16 
3.0 Production and structure of sperm.  
 
In order to understand the damages boar sperm endure during the freezing process it is 
necessary to understand the process of sperm production and sperm structure.    The process of 
sperm production, known as spermatogenesis, begins when the boar is about 125 days old 
(Garner and Hafez, 1993).  Gonadotropins initiate divisions of stem cells resulting in the 
formation of millions of differentiated sperm daily, thus allowing a boar to have adequate sperm 
reserves (Senger, 2003).  The complete sperm cell is comprised of two main elements, the head 
and flagellum.  The components of each originate form different organelles, but have a common 
function, providing access to and fertilizing the egg.   Both the head and the tail are susceptible 
to damage during cryopreservation process (Watson, 1995).   
 
3.1 Regulation of Sperm Production and Spermatogenesis. 
 
Sperm production is controlled by well established endocrine pathways as shown in 
Figure 3.1 (Germann and Stanfield, 2005).  Spermatogenesis begins when multiple pulses of 
GnRH over a 24 h period from the hypothalamus act on the anterior lobe of the pituitary gland to 
cause release of FSH (Senger, 2003).  FSH is responsible for controlling the action of Sertoli 
cells to initiate sperm production and regulate cellular divisions (Germann and Stanfield, 2005; 
Guraya, 1987).  FSH is also involved in the synthesis of important factors and hormones such as 
Androgen Binding Protein (ABP), which is necessary for sperm production as it keeps large 
amounts of androgens in the seminiferous tubule.  FSH is also responsible for the synthesis of P-
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450 aromatase, which converts testosterone to estradiol in the Sertoli cells (Jones and 
DeChereny, 2005). Estradiol produced by the Sertoli cells is absorbed by the blood stream and 
then acts on the hypothalamus to reduce the release of GnRH (Jones and DeChereny, 2005; 
Senger, 2003).  Production of inhibin is also initiated by FSH within the Sertoli cells.  The 
release of inhibin and subsequent high concentrations result in feedback to the pituitary gland to 
cause a decrease of FSH release to limit excess sperm production (Senger, 2003).  The action of 
GnRH on the anterior pituitary also results in the release of LH.  Following its secretion, LH 
induces production of Sterol-activating-protein (SAP) within Leydig cells of the testes, and 
causes the production of androgens such as testosterone (Jones and DeChereny, 2005).  The 
presence of testosterone is necessary for the proper function of Sertoli cells, the maintenance of 
meiosis, and ultimately spermatogenesis (Germann and Stanfield, 2005; Guraya, 1987).  In 
addition to initiating testosterone production, LH has been implicated in control of the stem cell 
divisions and spermatogonia, a function shared with FSH (Guraya, 1987).  Secretion of LH, and 
thus production of testosterone, can be decreased through negative feedback as testosterone 
levels increase near the hypothalamus and anterior pituitary gland (Germann and Stanfield, 
2005).  However, testosterone production is most often down regulated when high levels of LH 
occur over an extended period of time.  This causes Leydig cells to decrease the number of LH 
receptors (Senger, 2003).  It has been suggested that Sertoli cells have a role in paracrine 
regulation of Leydig cell function through production of estrogens, while Leydig cells have a 
role in regulating FSH production and ultimately Sertoli cell function by producing androgens 
that induce negative feedback (Guraya, 1987; Jones and DeChereny, 2005).  
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3.2 Spermatogenesis. 
 
3.2.1 Spermatocytogenesis. 
 
The actions of the endocrine and paracrine pathways described above initiate and control 
spermatogenesis within the looped seminiferous tubules of the testis (Jones and DeChereny, 
2005).  The first step of spermatogenesis, also known as spermatocytogenesis (Figure 3.2), 
begins with the mitotic or proliferation phase in which a fixed number of germ cells replicate 
mitotically resulting in a series of diploid (2N) daughter cells known as spermatogonia (A1) 
(Abou-Haila and Tulsiani, 2000; Senger, 2003).  The daughter cells not reserved for germ cells 
enter the basal compartment between gap junctions of neighboring Sertoli cells (Senger, 2003). 
Gap junctions are important to developing sperm because they allow communication between 
Sertoli cells, while also separating sperm cells at different stages of maturity and to provide a 
blood-testis barrier that protects developing sperm from the body’s immune system, as shown in 
Figure 3.3 (Guraya, 1987; Jones and DeChereny, 2005).  Once within gap junctions 
spermatogonia (A1) undergo a series of about 6 mitotic divisions that progress spermatogonia 
through (A1-A4, I, and B), and finally to primary spermatocytes (Guraya, 1987; Senger, 2003). 
At this point if all cells have survived, one spermatogonia (A1) has yielded 64 primary 
spermatocytes (Senger, 2003).  The primary spermatocytes now prepare for the next step by 
replicating their diploid (2N) chromosomes to become (4N) (Jones and DeChereny, 2005).  With 
the completion of the last mitotic division the initiation of the next phase known as the meiotic 
phase begins (Senger, 2003).  The two main steps in this phase are meiosis I and meiosis II.  To 
ensure genetic diversity, during prophase of meiosis I in the primary spermatocytes, a process 
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known as crossing over causes a portion of the paternal chromosomes to be exchanged for a 
portion of the maternal chromosome (Jones and DeChereny, 2005).  Following exchange of 
genetic material the primary spermatocytes meiotically divide into 2 diploid (2N) cells known as 
secondary spermatocytes (Senger, 2003).  The resulting diploid cells (2N) then divide once more 
in meiosis II resulting in haploid (1N) spermatids (Jones and DeChereny, 2005).  At this point all 
of the divisions have potentially resulted in one spermatogonia (A1) yielding 256 spermatids 
(Senger, 2003).  
 
3.2.2. Spermiogenesis. 
 
The resulting spermatids are now in the final step of spermatogenesis known as 
spermiogenesis where differentiation occurs (Guraya, 1987).  During spermiogenesis the Sertoli 
cells are responsible for moving the spermatids into proper position during different stages of 
production and for determining their final shape (Figure 3.3) (Guraya, 1987). Depending on 
species there can be up to 18 steps in spermiogenesis, however these can be divided into four 
main categories of development: Golgi, cap, acrosomal, and maturation phases (Guraya, 1987).  
As spermatogenesis begins the Golgi and cap phases result in the formation of the acrosome 
from the Golgi apparatus, and the formation of the base of the flagellum from the centrioles 
(Guraya, 1987; Senger, 2003).  During the acrosomal and maturation phases the nuclear 
chromatin condenses and elongates while the flagellum thickens and elongates.  These last two 
phases also result in the completion of the acrosome as it spreads across the now elongated 
nucleus (Guraya, 1987; Senger, 2003).  During elongation, the majority of the excess cytoplasm 
and remaining unabsorbed organelles form a lobule within the Sertoli cells, while a portion 
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remains on the sperm in what is known as the cytoplasmic droplet (Abou-Haila and Tulsiani, 
2000; Garner and Hafez, 1993).  The entire differentiation process has occurred within the 
plasma membrane which will continue to protect the sperm from osmotic stress, and 
environmental factors after maturation (Garner and Hafez, 1993; Senger, 2003).   
At this point the sperm cell, now referred to as a sperm or spermatozoon is complete 
(Guraya, 1987; Senger, 2003).  The completion of a generation of sperm takes approximately 34 
days (Garner and Hafez, 1993).  In order to provide a constant population of sperm the process 
of spermatogenesis occurs within multiple sections, in a linear sequence of stages, throughout the 
seminiferous tubule (Garner and Hafez, 1993). The completion of a cycle takes 9 days in the pig, 
and occurs within a single section as cells mature and progress toward the lumen inside the gap 
junctions of the Sertoli cells (Garner and Hafez, 1993; Senger, 2003).  A wave occurs as all 
sections in a consecutive sequence complete their current cycle and proceed to the next level of 
development (Garner and Hafez, 1993).  The continuous daily production of 16x109 sperm 
allows boars to maintain proper amounts of semen to be on reserve for breeding purposes 
(Senger, 2003).   
 
3.3 Spermiation. 
 
Following the completion of spermatogenesis the sperm cells are released from the 
Sertoli cells in the process known as spermiation (Guraya, 1987; Senger, 2003).  During this 
process, the tight junctions between the Sertoli cells that protect the sperm cells from the immune 
system on the other side of blood testis barrier are broken (Guraya, 1987).  The completed sperm 
cells are now moved out of the seminal tubules, through the rete testis, and into the epididymus 
 21 
(Garner and Hafez, 1993).  In about 10 days they will reach full fertilization potential as well as 
become motile as they pass through the caput, corpus, and finally cauda of the epididymus 
(Garner and Hafez, 1993; Senger, 2003).  The sperm will be stored in the cauda until the time of 
ejaculation, which will remove the cytoplasmic droplet (by now at the distal end of the 
flagellum) that formed during differentiation, and force the sperm to exit the male’s body 
(Frandson et al., 2003; Senger, 2003).   
 
3.4 Sperm anatomy. 
 
3.4.1 Sperm head anatomy.  
 
In the pig, the oval shaped sperm head comprised of three main functional components; 
the plasma membrane, acrosome, and nucleus as shown in Figure 3.4 (Garner and Hafez, 1993).  
Sperm plasma membranes are triple layered containing a phospholipid bilayer, a phospholipid-
water interface, and a glycocalyx region (Guraya, 1987).  The phospholipid bilayer arrangement 
in boar sperm is mainly comprised of phospholipids (75%), and cholesterol (12%) which 
stabilizes the membrane (Figure 3.5) (Guraya, 1987; Komarek et al., 1965; White, 1993).  At 
homeostasis the membrane surface is permeable to water, and has definable regions with 
heterogeneous arrangements of proteins and receptors allowing interactions with the female 
reproductive tract and the environment (Guraya, 1987; Parks, 1997). These interactions are 
believed to cause the sperm to allow an inflow of calcium which initiates capacitation, and later 
the acrosome reaction (Hermo et al., 2010a).  Once capacitation occurs, the membrane surface is 
believed to become segregated further into highly specialized regions, on the sperm head, that 
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have specific functions to facilitate fertilization (Gadella et al., 2008; Guraya, 1987).  Before 
fertilization can begin, species specific proteins called zona binding proteins within the 
membrane must be recognized by the egg (Senger, 2003; van Gestel et al., 2005).  Another main 
component of the sperm head is the membrane bound acrosome (Figure 3.4), which is 
underneath and loosely connected to the cell membrane, but tightly connected to the nuclear 
envelope by a structure known as the acroplaxome (Guraya, 1987; Hermo et al., 2010a).  
Covering approximately two-thirds of the nucleus, the acrosome is similar to a lysosome as it is 
highly acidic and originates from the Golgi apparatus (Abou-Haila and Tulsiani, 2000; Ramalho-
Santos et al., 2002).  During spermiogenesis, the acrosome materializes as multiple granules 
containing glyco-proteins condense to form the acrosomic vesicle (Abou-Haila and Tulsiani, 
2000; Hermo et al., 2010a).  Throughout its structure the completed acrosome contains enzymes 
such as protienases (zona lysin, or acrosin), hyaluronidases, glycohydrolases, and esterases, 
which play a large role in the break down of the sperm membrane and the zona pellucida 
(Senger, 2003; Tulsiani et al., 1998).  The boar acrosome has a higher concentration of these 
enzymes than most species (Guraya, 1987).  At the time of fertilization, the exocytotic acrosome 
reaction is triggered by increased levels of calcium.  This causes the release of enzymes allowing 
the sperm head to pass through the cumulus cells surrounding the oocyte and finally penetrate 
the zona pellucida (Guraya, 1987; Hermo et al., 2010a; Tulsiani et al., 1998). The last main 
component of the sperm head is the nucleus, which gets its shape from a rigid structure known as 
the perinuclear theca (Hermo et al., 2010a).  Within the nucleus the coiled strands of paternal 
DNA are stored in the form of condensed or keratinized chromatin (Guraya, 1987; Hermo et al., 
2010a).  During development, RNA inside the nucleus directs differentiation, however once 
condensation is complete RNA synthesis stops (Hermo et al., 2010a).  This type of keratinization 
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will protect the chromatin from exposure to enzymes and heat (Guraya, 1987).  After the sperm 
head has entered the egg at fertilization, the chromatin is de-condensed and will be combined 
with the egg’s genetic material.  
 
3.4.2 Flagellum anatomy. 
 
 The flagellum, originates from the centrioles, and consists of four main segments; the 
neck, middle (mid) piece, principal piece, and end piece, as shown in Figure 3.6 (Garner and 
Hafez, 1993).  Connection of the head and flagellum is accomplished by the neck, located at the 
base of the sperm head (Garner and Hafez, 1993).  The mid piece is surrounded by a sheath of 
mitochondria in a helical arrangement.  Thus, it is the site of metabolism in the sperm cell 
(Hermo et al., 2010b).  The energy produced in the form of ATP and cAMP by the mid piece is 
responsible for the action of the axoneme which generates sperm motility (Eddy, 1988).  The 
axoneme, which passes through all tail segments, is composed of 9 outer cross-striated fibers, 9 
inner, and 2 center fibers comprised of microtubules (Guraya, 1987).  An arrangement of 9 dense 
fibers surrounds the axoneme to stiffen and protect the tail in the female (Hermo et al., 2010b). 
The complete axoneme can be seen in Figure 3.7 (Guraya, 1987).  The, axoneme’s arrangement 
of evenly spaced, and well linked, doublet microtubules (subfibers A and B) in the 9x2 
arrangement allow for lateral movement which drives motility (Garner and Hafez, 1993; Hermo 
et al., 2010b).  Each doublet has one microtubule (subfiber A) that has a series of dynein based 
arms (containing ATPase) that project out at a clockwise angle (Figure 3.8), while the 
microtubules in the center have barb like structures that project outwards that connect them to 
the outer doublets (Guraya, 1987).  The interactions of the arms (or motors) with adjacent 
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tubules and the barbs of the central doublet cause a sliding motion (Guraya, 1987; Hermo et al., 
2010b).  The firm connection between the doublets through nexin bridges enables the motion to 
transfer to the entire axoneme as the flagellum bends, pushing the sperm forward (Hermo et al., 
2010b).  A collar like structure known as the annulus separates the mid piece from the principal 
piece.  The principal piece is covered by a fibrous sheath with lateral ribs that allow for the whip-
like motion while preventing the axoneme from becoming bent, while the end piece is only 
covered by the plasma membrane (Garner and Hafez, 1993; Guraya, 1987).  As described for the 
sperm head, the plasma membrane also provides the flagellum protection from its environment.  
However, the flagellum is susceptible to osmoitic and structural changes brought forth by 
cryopreservation (Watson, 1995).  The flagellum ultimately allows the sperm to move towards 
the egg in the female reproductive tract and propel the sperm head through the zona pellucida at 
the time of fertilization (Senger, 2003).  
 
3.4.3 Susceptibility of sperm components to damage due to cryopreservation. 
 
The complete and fully functional sperm utilizes the structure of head and flagellum work 
in synchrony to fertilize the egg.  During development these components are protected from the 
male’s immune system by the gap junctions of Sertoli cells.  Once a sperm cell is placed in the 
female, structurally competent sperm are protected from the harsh environment of the tract by 
their own membrane, and the contents of the seminal plasma (Senger, 2003).  However, the 
components of these two main structures are drastically altered when exposed to the severe 
temperature and osmotic changes that are associated with the cryopreservation process (Watson, 
1995).  The membrane, which served as a barrier from the conditions outside the sperm to the 
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acrosome, nucleous, and flagellum, is often greatly weakened due to structural reorganizations 
associated with phase-transitions (Parks, 1997).  A damaged membrane increases the likelihood 
of reduced motility as the axomene’s components are restructured by the harsh conditions 
(Corcuera et al., 2007).  These damages, consequences, and preventative measures will be 
discussed in the forthcoming section.  
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3.5 Figures. 
Figure 3.1 – Pathways of hormone control in the male.  Modified from Germann and Stanfield, 
2005. 
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Figure 3.2 – Sequence of divisions during spermatocytogenesis, which occurs during 
spermatogenesis.  Modified from Senger, 2003. 
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Figure 3.3 - Tight junctions of Sertoli cells. From Jones and DeChereny, 2005.  
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Figure 3.4 – Sperm head anatomy. Modified from Garner and Hafez 1993. 
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Figure 3.5 – Typical phospholipids membrane configuration. From Parks 1997. 
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Figure 3.6 – Completed flagellum structure.  Modified from Garner and Hafez 1993.  
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Figure 3.7 – Complete axoneme structure. From Guraya 1987. 
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Figure 3.8 – Dynein arms and the 9x2 microtubule linkages responsible for motility.  Modified 
from Guraya 1987. 
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4.0 Cryopreservation of boar sperm and its effect on post-thaw viability. 
 
4.1 Damage and deterrents to freezing boar semen. 
 
 The damaging effects of cryopreservation on sperm have long been known to occur 
regardless of species.  Research has been conducted in the last 200 years in efforts to preserve 
semen at reduced temperatures (Martin et al., 2000). However, a number of damages occur to the 
cell, primarily to the sperm membrane during both the cooling and freezing phases of 
cryopreservation that result in decreased viability post-thaw (Watson, 2000).   During the cooling 
phase membrane compositions are changed due to temperature fluctuations resulting in 
decreased membrane integrity altering functionality.  While the freezing phase presents a 
separate set of challenges as sperm must cope with changing osmotic pressures and the formation 
of ice crystals in and around the cell further altering the sperm cell’s ability in interact with the 
egg (Hammerstedt et al., 1990).  Damages from these steps combine to cause often irreversible 
and lethal alterations to membranes, acrosome function, and DNA (Holt, 2000a).  A number of 
methods are currently in use to measure the level of damage, predict fertility, and improve 
methods of cryopreservation.   
 
4.1.1 Brief history of cryopreservation. 
 
Attempts to preserve sperm at low temperatures have been conducted since 1776 when 
Spallanazani experimented with frog, stallion, and human sperm in snow (Bwanga, 1991).  
Further studies were also conducted by Mantegazza with human sperm at temperatures of -17 ºC 
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in 1886 (Bwanga, 1991).  These early studies lead to the monumental, however accidental 
discovery of glycerol’s importance for sperm survival during cryopreservation (Johnson, 2008; 
Polge et al., 1949).  Successful cryopreservation of boar sperm soon followed (Polge, 1956).  
The first pregnancies utilizing AI with frozen bull (1951) and boar (1970) sperm showed much 
promise for the future of this technology (Bwanga et al., 1991a; Polge et al., 1970).  This 
technology has been successfully utilized across species.  Furthermore, sperm from the horse, 
ram, bee, elephant, and rhinoceros, have all been successfully cryopreserved (Amann and 
Pickett, 1987; D'Alessandro et al., 2001; Hermes et al., 2009; Waterhouse et al., 2006).  
Decreased fertility following AI and cell damage in the form of reduced motility (40-50%) seems 
to be common across species (Watson, 2000).  However differences in fertility across species 
have been reported and are believed to be related to differences in cell membrane structure, 
permeability to water, cell activation energy requirements, and even differences in sperm 
transport within female reproductive tracts (Drobnis et al., 1993; Holt, 2000a; White, 1993).  
Fertility expectations are also different for pigs than in other production livestock because they 
are litter bearing animals.  Therefore fertility is evaluated by litter size as well as farrowing rate, 
rather than by pregnancy rate alone.  Frozen-thawed boar sperm is known for low litter sizes ~6-
8 live pigs, and has not been accepted by producers for this reason (Johnson, 1985).  Among 
species, boar sperm seem most affected by membrane composition, having an increased 
sensitivity to the cryoprotectant glycerol, thus are suggested to be susceptible to high levels of 
dehydration during freezing  (Hernandez et al., 2007a; Johnson et al., 2000).  In cattle, bulls are 
selected for breeding based on sperm motility and fertility post-thaw (Hammerstedt et al., 1990; 
Woelders et al., 1996).  Such practices may have great benefits to the swine industry as well 
(Holt et al., 2005; Pena et al., 2007), as there are differences in post-thaw viability measures such 
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as motility and membrane integrity, as well as fertility measures of farrowing rate and litter size 
across breed, boar, and ejaculate in swine (Almlid et al., 1987; Eriksson et al., 2002; Thurston et 
al., 2001).   
 
4.1.2 Sperm damage associated with cooling and cold shock. 
 
A majority of the cells that are cryopreserved have damaged acrosomes and reduced 
motility due to the severe cellular membrane restructuring and osmotic stressors that occur 
during the dramatic change in temperature.  During the cooling phase of 37 to 5 ºC the sperm 
phospholipid based (>70%) membrane (shown in Figure 3.5) is affected negatively by cold 
shock, or damaged from extensive stresses due to the lowered temperatures prior to freezing 
(Holt, 2000a; Komarek et al., 1965; Watson, 2000).  While not all reduced viability is associated 
with membrane damage during freezing, it is known that species with lower post-thaw viability 
have a higher ratio of unsaturated to saturated fatty acids, and lower levels of cholesterol within 
the membrane (Holt, 2000b; Waterhouse et al., 2006; White, 1993).  It is thought that much of 
the damage associated with cold shock of a boar sperm cell is a result of the phase transitions, or 
rapid structural re-organizations that occur as membranes change from a liquid crystalline to gel 
state near temperatures of 18 to 6 ºC, as shown in Figure 4.1 (Canvin and Buhr, 1989; Drobnis et 
al., 1993; Holt, 2000b; White, 1993).  The ratio of unsaturated fatty acids determines at what 
temperature phase transitions occur, while cholesterol is responsible for stabilizing and 
condensing the unsaturated fatty acids that are the framework of the membrane. Thus both 
saturated and unsaturated fatty acids are important factors in a sperm cell’s ability to cope with 
damage related to phase transitions (Drobnis et al., 1993; White, 1993).  Additional cell damage 
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also occurs when the phase transition completes.  The sperm membrane is composed of multiple 
classes of lipids in a heterogeneous arrangement.  Some of which assist with maintenance of the 
bilayer structure, while others do not (Quinn, 1985).  Each have their own melting point, thus 
during cooling, as one class with a high melting point completes a phase transition another 
maybe starting its own transition (Parks, 1997; Quinn, 1985).  The combined damages of phase 
transition and phase separation occur when the different classes of lipids within the cell 
membrane detach and allow intramembranous particles to move and accumulate in  a 
homogenous fashion (Drobnis et al., 1993; Parks, 1997; Quinn, 1985), causing lipids and 
proteins to be situated with others different from their corresponding match and thus form non-
bilayer structures (Figure 4.1) (Hammerstedt et al., 1990; Parks, 1997; Quinn, 1985).  This type 
of re-orientation is not fully repairable and is given credit for the irreversible damage, and 
shortened sperm lifespan that occurs due to cold shock (Drobnis et al., 1993; Holt and North, 
1984).  It has been suggested that boar sperm may have multiple phase separations, as one study 
showed measures of fluidity changed twice, once at 32 and again at 6 ºC, while another study 
demonstrated separations at 30, 18, and 9 ºC (Canvin and Buhr, 1989; Drobnis et al., 1993).  
There may even be another phase change below 0 ºC for boar sperm (Watson, 2000).  These 
separations have also been reported to occur in different portions of the sperm membrane and 
could make damage hard to identify or control (Canvin and Buhr, 1989; Drobnis et al., 1993; 
Holt and North, 1984).  It has been proposed, that membrane damage incurred during cooling has 
a dramatic effect on the cells ability to regulate fluid movement across the membrane, and thus 
will greatly effect the level of dehydration during the freezing phase (Hernandez et al., 2007a).  
It should be noted that many aspects of cold shock associated with membrane damage can be 
controlled to some extent, but not eliminated, by proper freezing mediums and cooling rates 
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(Hammerstedt et al., 1990).  The often irreversible damage sustained due to cold shock is a direct 
result of the composition of the boar sperm membrane. Therefore it is essential that sperm are 
allowed to stabilize in a temperature controlled environment and a suitable medium prior to 
freezing.   
 
4.1.3 Sperm damage associated with the freezing phase and ice crystal formation. 
 
Following the membrane damage due to cold shock, sperm are further compromised 
during exposure to subzero temperatures in the freezing phase (5 to -196 ºC) of cyropreservation 
and during the thaw procedure.  Rapid cell volume loss occurs as a result of the addition of 
cryoprotectant just prior to freezing. As the cryoprotectant penetrates the sperm, the environment 
becomes hypertonic and water is forced out to prevent formation of ice crystals in the cell 
(Hammerstedt et al., 1990).  The cells ability to regulate the exit of water is in part determined by 
the level of damage sustained by membrane during cooling (Hernandez et al., 2007a).  This 
dehydration results in additional osmotic stress, as well as decreased membrane and organelle 
functionality (Corcuera et al., 2007; Courtens and Paquignon, 1985; Muldrew and McGann, 
1994).  This effect can be amplified by large concentrations of cryoprotectant in the cell.  High 
levels of cryoprotectant, often due to a slow freezing rate, are known to alter membrane structure 
which results in loss of proteins and an increased demand for ATP (Hammerstedt et al., 1990; 
Mazur, 1985).    Overexposure to cryoprotectant, as well as the severe and sudden volume loss 
cause stress to the membrane, which has already been weakened by the cooling phase. This can 
result in decreased membrane and acrosome integrity post-thaw (Corcuera et al., 2007; Courtens 
and Paquignon, 1985; Holt, 2000b).   
 39 
Additional stress to the membrane results when volume is lost due to osmotic pressure as 
ice crystals form in the freezing medium (Corcuera et al., 2007; Holt, 2000a).  During the 
freezing phase, the rate of temperature change is important as freezing too rapidly prevents water 
from exiting the cell and results in formation of small ice crystals within the cell.  While freezing 
too slowly on the other hand allows over exposure to cryoprotectants, and the formation of large 
ice crystals outside and within the cell (Bwanga et al., 1991a; Mazur, 1985; Thurston et al., 
2003; Zeng et al., 2001). Optimal freezing rates between these extremes must be identified in 
order to achieve suitable dehydration as the cell adjusts to the osmotic changes caused by the 
cryoprotectant, while avoiding lethal ice crystal formations (>5% of internal water as ice), as 
described in Figure 4.2  (Devireddy et al., 2004; Hammerstedt et al., 1990; Johnson et al., 2000; 
Mazur, 1985).   Recent research has shown that fairly rapid freezing rates (~30 ºC/min), 
compared to slower rates (~1 ºC/min), are most effective in meeting these requirements for boar 
sperm (Devireddy et al., 2004; Hernandez et al., 2007a).  Additional care must be taken during 
freezing as it has been suggested that release of the specific heat of water can raise the 
temperature of sperm during the freezing process, thus altering formation of ice crystals (Pursel 
and Park, 1985). Thawing frozen sperm for evaluation or breeding purposes results in a dramatic 
reversal of the hypertonic environment (Holt, 2000a).  The rate of freezing does have an impact 
on the most effective rate of thawing (Figure 4.2) (Hammerstedt et al., 1990).  Thus, sperm that 
were frozen rapidly (small internal ice crystals) must be thawed rapidly in order to avoid re-
formation of large internal ice crystals (Fiser et al., 1993).   Semen frozen at lower rates of 
temperature change are severally dehydrated and exposed to formation of large ice crystals. 
These sperm must be thawed at rates that allow the cell to equilibrate to the sudden increase in 
volume (Hammerstedt et al., 1990).  In general, a rapid thawing rate is proper and allows for 
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inflow of water and exit of cryroprotectant while preventing re-growth of ice crystals (Fiser et 
al., 1993). For these reasons proper concentrations of cryoprotectant and proper freezing rates 
can limit the damage sustained during the freezing phase of the cryopreservation process. 
 
4.1.4 Decreased viability and functionality as a result of damages of cryopreservation. 
 
The sperm cell membrane bears the brunt of the damage associated with cryopreservation 
and thus limits the ability of the cell to control intracellular osmotic pressure associated with 
ions, water, and heat.  Regulation of these ultimately allows the cell to survive the freezing 
process (Pena et al., 2007; Waterhouse et al., 2006).  The damages associated with phase 
transitions during cooling are thought to cause decreased membrane and acrosome integrity, and 
result in loss of ATP, potassium, and enzymes responsible for motility, while intracellular 
calcium levels are increased (Aalbers et al., 1985a; Hammerstedt et al., 1990; White, 1993).  An 
inflow of calcium is often associated with capacitation and hyperactivity in normal sperm cells.  
However, the increase in calcium concentrations due to membrane damage in frozen semen may 
be responsible for the capacitated-like state often associated with frozen semen.  This has been 
associated with a decreased lifespan, and irregular interactions with the female reproductive tract 
thus limiting the sperm’s ability to fertilize an egg (Bailey et al., 2000; Green and Watson, 2001; 
Wang et al., 1995).  The full effects of disassociated bilayer structures caused by phase 
transitions and separations are not fully realized until the time of thawing, often resulting in 
decreased sperm lifespan as well (Quinn, 1985).  Sperm with compromised membranes are also 
susceptible to peroxidation by naturally occurring reactive oxygen species (ROS) which are 
particularly detrimental to DNA integrity (Bailey et al., 2000; White, 1993).  The keratinization 
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process the DNA underwent during development does not fully protect it from damages 
associated with cryopreservation (Watson, 1995).  Overall, the combined damages to the lipid 
membrane during cooling inhibit metabolism and motility, alter penetration capability and 
normal function in the female, as well as damage DNA ultimately causing abnormalities in 
embryonic development (Bailey et al., 2000).  During freezing, intact sperm membranes are 
suggested to prevent internal formation of ice crystals given that all water that can be frozen has 
exited the cell, however it would seem few sperm progress through freezing without some level 
of internal ice crystal formation as rapid freezing rates are more effective in preventing growth of 
large ice crystals (Johnson et al., 2000; Mazur, 1985).  Freezing rates that are too slow result in 
formation of large extracellular ice crystals that cause both osmotic and physical damage, while 
causing overexposure to cryoprotectant (Figure 4.2) (Bwanga et al., 1991a).  In addition, slow 
freezing rates also cause large internal ice crystals that result in compromised organelles and 
further stress to the membrane (Hammerstedt et al., 1990).  At the time of thawing, sperm are 
rapidly re-hydrated and thus are exposed to the majority of the osmotic stressors endured during 
the freezing and cooling phases in reverse order, and thus are subject to severe changes in 
osmotic pressure and the formation of ice crystals (Bailey et al., 2000; Fiser et al., 1993; 
Hammerstedt et al., 1990).  Sperm that have membranes that were previously compromised 
during the cooling and freezing phases are less likely to survive the thawing process (Figure 4.1).  
In addition, the combined effects of freezing and thawing alters motility, as the connections 
between the outer and center microtubule doublets within the axoneme of the flagella are 
deconstructed and then restructured due to dehydration following the addition of cryoprotectant 
at freezing, and rapid re-hydration upon thawing (Corcuera et al., 2007; Courtens and Paquignon, 
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1985; Watson, 1995).  The reduced fertility that results from the cooling and freezing stages of 
cryopreservation is extensive and highly related to membrane damage.   
 
4.1.5 Methods of evaluation. 
 
The level of damage due to the cryopreservation process in frozen-thawed boar sperm is 
commonly assessed by indicators of viability including motility, membrane integrity, acrosome 
status, genome integrity, and fertilizing ability.  Motility is the most common measure used to 
indicate quality of both liquid and frozen boar semen.   In the past, motility of frozen semen has 
been determined by manual observation (Almlid et al., 1989; Pursel et al., 1978b), however 
computer aided sperm analysis (CASA) has now been accepted as the standard method and 
offers additional measurements such as Curvilinear Velocity, and Beat Cross Frequency 
(Cremades et al., 2005; Roca et al., 2006a).  Motility assessment by CASA has been proven 
effective and accurate (Didion, 2008), however it should be noted that variations in slide 
preparation and measurement parameters can alter measures (Holt et al., 1996).  Early studies 
indicated the post thaw motility averaged 30% following the cryopreservation process (Larsson 
and Einarsson, 1976b), while more recent reports suggest motility can be >50% (Roca et al., 
2006b).  Fluorescent stains are commonly used to assess sperm viability.  Stains such as 
propidium iodide (PI) [dead stain] and SYBR-14 [live stain] are known to bind to DNA within 
the nucleous (Graham et al., 1990), while stains such as fluorescent lectin  (FITC) and peanut 
agglutinin (PNA) bind to, and thus indicate, damaged acrosomes and membranes (Carvajal et al., 
2004; Johnson et al., 2000).  In addition, presence of PI staining also indicates a compromised 
membrane as it only crosses damaged membranes (Graham et al., 1990). Other stains such as 
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rhodamine-123 (R123) which stains mitochondria of viable cells, and chlortetracycline (CTC) 
which binds to free intracellular calcium signaling acrosome reacted sperm, provide estimations 
of functionality post-thaw (Garner and Johnson, 1995; Graham et al., 1990; Johnson et al., 2000).  
Flow cytometry is often used with these stains to accurately and efficiently evaluate integrity in 
large numbers of cells (Johnson et al., 2000).  Currently the combination of PI and SYBR-14, or 
the triple stain method (PI, PNA-FITC, and R123) show >50% intact membranes and >50% 
normal acrosomes post-thaw (Roca et al., 2004; Roca et al., 2006a).  Recently tests such as the 
neutral comet assay and sperm chromatin structure assay (SCSA) have been utilized in boar 
sperm to examine integrity of genetic material (Evenson et al., 1994; Fraser and Strzezek, 2004).  
Following cryopreservation SCSA has shown <5% of sperm have compromised chromatin, 
while the comet assay shows 10-15% of sperm have damaged DNA  (Fraser and Strzezek, 
2007b; Hernandez et al., 2006). Additional methods of evaluation test the ability of sperm to 
bind and penetrate an oocyte (utilizing sperm binding assays and IVF methods) (Collins et al., 
2008; Nagai et al., 1988; Okazaki et al., 2009b).  These methods have been shown to be useful in 
evaluating the level of damage and decreased fertility potential following cryopreservation, while 
also providing a means of gauging improvements to freezing methodology.  Although there is no 
single evaluation method that can accurately calculate field fertility alone, a system including a 
regimen of tests may someday prove an effective predictor of fertility (Collins et al., 2008; Xu et 
al., 1998).  It has been suggested that only 2.5% of sperm are fully competent and able to fertilize 
an egg following freezing (Holt et al., 2005).  If this is true, every advancement in freezing 
technology becomes increasingly important to producing a product useable for breeding 
purposes, while precisely timed breeding in an effort to account for a reduced lifespan of sperm 
is crucial as well.    
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4.2 Freezing methods. 
 
 Boar sperm endure drastic changes in temperature and osmotic pressure resulting in 
severe damage to the sperm membrane and reduced viability.  Improvements in cryopreservation 
procedures developed from the early studies offer some control over damages that occur 
(Johnson et al., 2000).  Effective freezing media offer membrane protection during cooling, 
while proper concentrations of cryoprotectants reduce intracellular ice crystal formations and 
osmotic stress during freezing.  Furthermore cooling and freezing rates allow sperm to adjust to 
temperature changes while limiting exposure to cryoprotectants and formation of large ice 
crystals (Fiser et al., 1993).   Additionally, packaging materials have been shown to be important 
in regulating rates of temperature change (Saravia et al., 2005). 
 
4.2.1 Main steps in cryopreservation.  
 
Cryopresrevation of sperm is a long and multi-step process that can take 8 to 10 h to 
complete (Figure 4.3) (Almlid et al., 1987; Hammerstedt et al., 1990).  There are two main 
phases, cooling and freezing, that encompass the majority of steps that must be completed to 
produce fertile sperm post thaw.  The cooling phase begins as sperm are collected, extended, and 
held at 17 ºC while the sperm membranes adjust to cool environments (Pursel et al., 1973).  The 
cooling phase continues as sperm are centrifuged at 800 x g for ~10 minutes, which allows the 
number of sperm to be adjusted for the desired freezing concentration in a protective medium 
(Almlid et al., 1987).  The sperm are then held at 5 ºC for more than 2 h to account for 
membrane phase transitions prior to freezing (Fiser et al., 1993; Quinn, 1985).  As the freezing 
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phase begins, cryoprotectant, which penetrates the sperm and forces water to exit the cell, is 
added with additional freezing medium to reach the final freezing concentration.  Finally, sperm 
are placed in packages (usually straws) and frozen utilizing a computer controlled freezing 
chamber that accounts for the action of glycerol and formation of ice crystals (Fiser and Fairfull, 
1990).  Sperm is then stored in liquid nitrogen at -196 ºC. 
 
4.2.2 Important components of freezing media. 
 
Freezing media comprised of lipids, specifically phospholipids, have shown much 
success in limiting damage due to cryopreservation (Buhr et al., 2000; Jiang et al., 2007).  
Phospholipid based media have a protective effect on membranes as they have been suggested to 
replace membrane phospholipids that were damaged or lost during cryopreservation (Buhr et al., 
2000; Maldjian et al., 2005).  The protection offered by this type of medium can limit the effect 
of cold shock by limiting calcium uptake which has a direct effect on the mechanisms for 
capacitation (White, 1993).  In addition, membranes strengthened by phospholipids will be more 
able to regulate the flow of ions, proteins, and ATP that are necessary for metabolism and 
motility (White, 1993).  While other lipid based extenders such as milk have been tested for use 
in swine (Einarsson et al., 1972; Salamon, 1973), egg yolk has proven the most effective because 
it contains many lipids similar to those found in sperm membranes (Buhr et al., 2000).  Based on 
successes with egg yolk based mediums, numerous additives in the form of sugars and buffers 
are added to control osmolality and pH thus creating extenders such as TEST and BF5 (Graham 
et al., 1971b; Pursel and Johnson, 1975; Pursel and Park, 1985).  In addition, supplementation of 
the freezing medium with a surfactant commonly used to aid in the effectiveness of lipid based 
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extenders is Ovrus ES Paste (OEP) comprised of sodium and triethanolamine lauryl sulphate 
which breaks up accumulations of lipids.  The lipids are then allowed to be absorbed by the 
sperm and resulting in improved viability post-thaw (Almlid et al., 1987; Graham et al., 1971a; 
Pettitt and Buhr, 1998; Pursel et al., 1978b).  Other methods to combat membrane damage have 
included adding antioxidants to extenders with limited success (Großfeld et al., 2008; Roca et al., 
2004; Visser and Salamon, 1974).  Seminal plasma may be another effective additive for 
cryopreservation medium. It has been shown to be beneficial if added in proper proportions prior 
to freezing (Hernandez et al., 2007b), and following thawing (Larsson and Einarsson, 1976a; 
Okazaki et al., 2009b) because it has antioxidant like properties, aids membrane function, and 
reverses capacitation (Vadnais et al., 2005), and protects DNA integrity (Fraser and Strzezek, 
2007a).   
  
4.2.3 Importance of cryoprotectants. 
 
Just prior to the freezing phase, cryoprotectants are added to the phospholipid based 
freezing mediums to reduce and control intracellular ice crystal formation.  Cryoprotectants aid 
in the freezing process by causing a hypertonic cellular environment and by modifying the sperm 
membrane to encourage water to leave the cell (Corcuera et al., 2007; Zeng et al., 2001).  Many 
cyroprotectants have been tested when freezing swine sperm including dimethyl Sulfoxide 
(DMSO), polyvinylpyrrolidone (PVP), and ethylenediaminetetraacetic acid (EDTA), however 
none provide the same level of protection as glycerol (Johnson et al., 2000; Pursel and Park, 
1985; Salamon et al., 1972).  A number of studies utilizing glycerol, the most common 
cryoprotectant for swine, have determined that boar sperm has the highest percentage of motile 
 47 
(52.5%) and acrosome intact sperm (56%) when concentrations of 2 to 4% are used in the final 
volume of freezing medium (Corcuera et al., 2007; Fiser and Fairfull, 1990; Hernandez et al., 
2007c; Visser and Salamon, 1974).  However, concentrations greater than this cause decreased 
survivability post-thaw and compromised acrosomes, resulting in reduced fertility (Fiser and 
Fairfull, 1990; Holt, 2000b).    
 
4.2.4 Rates of temperature change during freezing and thawing. 
 
Rates of temperature change during the cooling and freezing phases of cyropreservation, 
as well as the thawing rate have a major impact on controlling damage to the sperm cell.  During 
the cooling phase the proper rate of cooling allows sperm to adjust to temperature changes thus 
minimizing membrane damage due to phase transitions (Pursel et al., 1973; Pursel and Park, 
1985).  The cooling phase (37 to 5 ºC) begins just after collection when a 1:1 dilution 
(semen:extender) is held at 17 ºC for 2 h minimum (Holt et al., 1996), and then following 
removal of seminal plasma by centrifugation and addition of lipid based medium, semen is held 
for 2-4 h at a constant temperature of 5 ºC (Fiser et al., 1996).  The freezing rate (time from 5 to -
196 ºC) has a major impact on both overexposure to cryoprotectant and ice crystal formation. 
Previously, semen was frozen by suspension over liquid nitrogen in vapor at rates of ~1 ºC/min, 
however since the advent of the computer controlled freezing chamber, many studies have been 
conducted to determine the outcomes of multiple freezing rates, or curves (Almlid and Johnson, 
1988; Hernandez et al., 2007c; Thurston et al., 2003).  Generally there are three main steps to a 
freezing curve.  Following addition of cyroprotectant at 5 ºC, freezing begins with a slow 
decrease  (~5 ºC/min) to -5 ºC, allowing the sperm to reach equilibrium osmotically and 
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eliminate remaining water in the cell just prior to the formation of ice crystals from -3 to -20 ºC 
(Bwanga et al., 1991b; Mazur, 1985; Pursel and Park, 1985). Next, there is a rapid decrease at 
rates of ~20 to 40 ºC/min to between (-130 and -150 ºC) to limit intracellular ice formation 
(Bwanga et al., 1991b; Eriksson et al., 2002; Fiser and Fairfull, 1990; Garcia et al., 2010; Mazur, 
1985).  In most protocols there is a short pause or hold, just prior to or during the rapid decrease, 
near -5, -60, or -80 ºC for about 1 min to release the specific heat of water and allow for further 
reduction of cell volume due to osmotic pressure (Almlid and Johnson, 1988; Carvajal et al., 
2004; Pursel and Park, 1985; Thurston et al., 2003). Finally, upon reaching -150 ºC packages are 
plunged into liquid nitrogen at a temperature of -196 ºC.   
During thawing the sperm is once again exposed to all of the damaging effects of the 
cooling and freezing phases, however in reverse order (Holt, 2000b).  Therefore a rapid rate of 
thawing has been shown to be most effective (1200 to 1800 ºC/min, or 20 sec in 50 ºC water), 
thus limiting the cell’s exposure to these harsh conditions and regrowth of ice crystals (Figures 
4.2-4.3) (Fiser et al., 1993; Thurston et al., 2001).  The proper rate of thawing is tied to the rate at 
which the semen was frozen, however in general rapid rates are best as a 31% increase in 
motility from 4% to 41%, was shown when thawing rates were increased from 10 ºC/min to 1200 
ºC/min when semen was frozen at 30 ºC/min (Fiser et al., 1993).  In the past swine semen was 
frozen in ampule or pellet form (Pursel and Johnson, 1975) , however today semen is frozen in 
plastic straws and flatpacks ranging from 5 mL (maxi) to 0.25 mL (mini) (Bwanga et al., 1991a; 
Eriksson et al., 2001; Saravia et al., 2005).  The smaller packaging types (0.5 to 0.25 mL) offer 
more surface area allowing for an even freeze or thaw throughout the package to limit the 
damage through the use of a controlled freezing curve (Bwanga et al., 1991a).  Low volume 
packaging types have a disadvantage from a practical stand point for insemination, as they 
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contain less than one-fifth the number of cells when compared to larger types.  However, this 
disadvantage seems to be minor compared to the improvements in viability when the small 
package is used (Fiser and Fairfull, 1990).   
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4.3 Figures. 
 
Figure 4.1 - New - Reorientations of the cell wall during phase transitions and separations.  
Modified from Parks, 1997 and Quinn, 1985. 
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Figure 4.2 – Effects of freezing and thawing rates. Modified from Hammerstedt, et al., 1990. 
Freezing rates presented in Fiser, et al., 1993. 
 
-Stars indicate size and location of ice crystals. 
-Arrows represent the direction of water. 
 
a.) Sperm frozen at very slow rate (~1 ºC/min) resulting in dehydration and overexposure to 
cryoprotectant.  
b.) Sperm frozen at a more rapid rate (>1 ºC/min).  Too rapidly frozen to allow for complete 
dehydration, but too slow to prevent formation of large extra-cellular ice crystals. 
c.) Sperm froze very rapidly (~30 ºC/min).  Water is not fully allowed to exit the cell, but ice 
crystal formations are small in size. 
d.) Sperm thawed too rapidly (>1800 ºC/min) results in a rush of water into the cell, which is 
not able to efficiently remove the cryoprotectant. This damage is in part related to 
formation of large ice crystals due to a slow freezing rate (~1 ºC/min).  
e.) Sperm thawed too slowly (~10 ºC/min) results in growth of large ice crystals from small 
ice crystals that resulted from a rapid freezing rate (~30 ºC/min).   
f.) Sperm thawed at optimal rate according to freezing rate (~1800 ºC/min). 
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Figure 4.3- Stepwise example of cryopreservation procedures. Modified from Almlid, et al., 
1987. 
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5.0 Techniques for breeding with liquid stored and frozen-thawed boar sperm. 
 
 
5.1 AI methods with liquid stored sperm. 
 
 
 The use of liquid preserved sperm for cervical AI in pigs has been widely accepted and 
accounts for well over 80% of inseminations in many regions of the world (Bailey et al., 2008; 
Roca et al., 2006b).   The methods for the use of AI with liquid extended sperm have been well 
established for more than a decade.  A standard dose of semen contains approximately 3x109 
sperm at an average motility between 60-90% suspended in medium or long-term extender 
(Johnson et al., 2000; Levis, 2000; Roca et al., 2006b).  Breeding protocols call for a double AI, 
as this makes the most efficient use of sperm, while also accounting for variation in time of 
ovulation (Kemp et al., 1996; Soede et al., 1995a; Xue et al., 1998).  Generally, estrus detection 
is conducted once and sometimes twice daily in the presence of a boar, and breeding occurs 
twice within the 48 h following the first expression of estrus, with ~24 h intervals between 
inseminations (Flowers and Alhusen, 1992; Tarocco and Kirkwood, 2001; Waberski and Weitze, 
1996).  In countries such as the United States where AI has been widely accepted, farrowing 
rates remain high at 80% allowing sows to have ~2.1 litters per year, at 9.7 pigs weaned per 
litter, to produce ~20 pigs per female per year (PigChamp, 2009; USDA, 2009c).  Perfected 
methodology of AI following freezing and thawing of sperm on the other hand, has often seemed 
quite unattainable due to reduced viability following cyropreservation and its reduced lifespan 
once in the female reproductive tract (Waberski et al., 1994).    
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5.2 AI methods with frozen-thawed boar sperm. 
 
Damages occur during cryopreservation, and overall post thaw quality of frozen sperm is 
low compared to that of liquid stored sperm.  For this reason researchers have focused on 
procedures for breeding with frozen-thawed boar sperm.  Some of the earliest data using sperm 
preserved in a frozen state for AI before 1970 are rarely referenced because the resulting fertility 
was extremely low and results often unrepeatable (Graham et al., 1971b; Johnson, 1985; Polge et 
al., 1970). However, much work has been conducted since that time to determine the proper 
sperm number in a dose, number of inseminations needed, timing relative to ovulation, and 
method of semen deposition.  This work has yielded an accepted, but yet imperfect, standard 
procedures for use of frozen-thawed sperm for breeding purposes (Johnson et al., 2000; Roca et 
al., 2006c).   
Efforts to determine the proper number of sperm per insemination needed for optimal 
fertility resulted in large dose variations during early trials, however recent increases in post-
thaw quality indicate fertility is improved by modern freezing procedures and may allow for a 
more accurate estimation of the proper numbers of sperm.  Much of the early research that 
focused on breeding with frozen-thawed semen used varying numbers of sperm since fertility 
was uncertain.  In 1970 the first reported pregnancies using frozen semen were described in a 
study utilizing surgical insemination in the uterine horn near the ovary using 70x106 motile 
sperm cells (Polge et al., 1970).  One of the three studies that first validated pregnancies with 
frozen-thawed semen through cervical AI was preformed with 2.5x109 live [interpreted as 
motile] cells and yielded a 45% pregnancy rate (Graham et al., 1971b).  Insemination trials in the 
early 70’s tested numbers of cells within a dose largely based on the number of motile sperm 
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cells (Johnson, 1985).  Few studies tested one dose against another (Einarsson et al., 1973).  In 
one early study that did test numbers of cells within a dose with double inseminations utilizing 
2x109 (n=45) and 1x109 (n=16) motile sperm cells, there was little effect with pregnancy rates of 
55.6 and 62.5%, and litter sizes of 10.1 and 8.9 total born pigs per litter, respectively (Einarsson 
et al., 1973).  Sperm motility in the same experiment was reported to average 30% and would 
equate to approximately 6 and 3x109 total sperm cells for each of the treatments (Einarsson et al., 
1973).  In addition to AI doses based on the number of motile cells, AI with frozen-thawed boar 
semen was also based on the total number of sperm cells (Pursel and Johnson, 1972).  A later 
study testing two freezing methods reported AI with 6.0x109 and 4.5x109 total frozen-thawed 
sperm cells. The lower dose yielded pregnancy rates of 73% with 9.7 fetuses on day 25 of 
gestation (Larsson et al., 1977).  Between 1970 and 1985 approximately 60 breeding studies 
were conducted, of those 19 utilized from 2.4 to 10x109 motile cells, while 41 studies utilized 1.3 
to 20x109 total cells (Johnson, 1985).  Pregnancy and farrowing rates across all studies ranged  
from 15 to 85% (farrowing average of 55%) and litter size ranged from 5 to 10.7 total born pigs 
per litter (average 8.0) (Johnson, 1985).  The variation of concentrations used in these early 
studies makes it hard to determine the specific dose of frozen-thawed sperm necessary to achieve 
acceptable pregnancy rates and litter sizes (Johnson, 1985).  However, reproductive success from 
multiple studies that utilized doses with the equivalent of 5 to 6x109 total cells lead researchers to 
believe that the proper concentration is within that range (Johnson, 1985).  The use of high sperm 
numbers has persisted and is commonly used in current trials utilizing frozen-thawed sperm for 
cervical AI (Johnson et al., 2000; Roca et al., 2006c).  The majority of current fertility trials 
following these early tests using frozen boar sperm have generally resulted in low pregnancy and 
farrowing rates compared with results from insemination with liquid sperm regardless of whether 
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a single or multiple AI occurred using sperm from 2.5 to 6x109 total, rather than motile cells 
(Almlid and Hofmo, 1996; Roca et al., 2006c).  In the last decade, doses with ~50% motility 
with a total near 5x109 cells have been used to achieve the highest reported pregnancy rate in 
gilts at day 30 (65%), while the highest reported pregnancy rate in sows at day 30 is 79%, and 
the highest farrowing rates in sows have ranged from 76% to 82% (Eriksson et al., 2002; 
Eriksson and Rodriguez-Martinez, 2000a; Okazaki et al., 2009a).  The recent improvements in 
consistency of post-thaw quality and fertility indicate that future studies investigating number of 
sperm may be more effective in determining proper numbers of sperm within an insemination 
dose with cervical insemination.  
Trials investigating the effects of multiple cervical AIs on the fertility of frozen-thawed 
boar semen have provided a clearer conclusion when compared to the variation in numbers of 
sperm within a dose.  Much like dose trials, investigations into the number of inseminations were 
rarely conducted in side by side trials (Einarsson et al., 1973; Reed, 1985).  In a well known 
commercial trial utilizing only a single AI with 5x109 total sperm, the resulting farrowing rate 
was 47% and a litter size of 7.1 pigs born live (Johnson et al., 1981).  An additional commercial 
sized trial that tested a single vs. a double insemination showed a difference, although not 
significant, in farrowing rate with an average 10% improvement in favor of a double 
insemination (68%) over a single insemination (58%), with no difference in litter size (Almlid et 
al., 1987).  A later study found farrowing rates as high as 74% and litter sizes as high as 12.8 
pigs born live per litter in gilts when three AIs were utilized (Martin et al., 2000).  As many as 
four AIs have been utilized at doses of 2.5x109 total sperm with some success, however it was 
concluded that four AIs were best for introducing high value genetics, while two AIs at 5x109 
cells per dose were more efficient for other breeding purposes (Almlid and Hofmo, 1996).  From 
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the data presented it would seem that two AI’s are better able to establish pregnancy than a 
single AI.  Also the evidence suggests when compared to AI systems utilizing three or more 
inseminations, two AIs are more efficient for use of this expensive product.  In a study 
investigating number of inseminations with liquid semen, higher averages for farrowing rates 
and  litter sizes result from double AI (86% and 8.6 pigs born alive), when compared to a single 
AI (74% and 8.0 pigs born alive) (Flowers and Esbenshade, 1993). While another study found 
that litter sizes increase by at least 1 pig when a double (9.3 pigs born alive) versus a single (8.2 
pigs born alive) AI are used (Xue et al., 1998).  The advantage of a double insemination verses a 
single insemination is related to the interval from insemination to the time of ovulation (Flowers 
and Esbenshade, 1993; Kemp et al., 1996).  Thus, a double AI system accounts for the variation 
in the time of ovulation and allows proper amounts of viable semen to be deposited in the female 
tract near the time of ovulation, as the lifespan of frozen-thawed semen has been shown to be 
much shorter than liquid semen (Johnson, 1985; Waberski et al., 1994).    
The known decreased lifespan of frozen semen post-thaw accentuates the importance of 
precise timing of insemination in relation to the time of ovulation.  In liquid semen most studies 
have reported that the best fertility rates result when sperm is placed in the reproductive tract 
within 12-24 hrs before ovulation (Dziuk, 1970; Nissen et al., 1997; Steverink et al., 1997).  The 
effective lifespan of liquid preserved semen has been reported to be up to 40 h once in the female 
tract, while the oocyte’s viability is limited to only 8 to 12 h after ovulation (Hunter, 1967; Soede 
et al., 1995a).  Frozen-thawed sperm has a much shorter lifespan, compared to liquid semen, due 
to the damage that occurs during the cooling and freezing phases of cryopreservation and the 
capacitated-like state that results (Bailey et al., 2008; Pursel et al., 1978a; Waberski et al., 1994).  
For this reason the interval from insemination to ovulation is much more critical than it is for 
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liquid semen.  Early studies demonstrated acceptable fertilization rates (75-83%) when 
insemination occurred 12-6 h before ovulation (Larsson, 1976), while AI 8 h after ovulation 
results in acceptable sperm populations in the reproductive tract (Pursel et al., 1978a).  Successes 
with AI prior to ovulation were again reported at 88% fertilization rate when AI occurred 4 h 
prior to ovulation.  But if AI occurred 4 h after ovulation, a decreased fertilization rate was noted 
(~50%) (Waberski et al., 1994).  In addition, a study investigating AI timing tested a 6 h window 
around the time of ovulation suggested that embryo viability and health improved when AI 
occurs before ovulation rather than after (Bertani et al., 1997).  Recent literature seems to 
indicate that gilts ovulate on average 33 h (30 to 40 h) following first expression of estrus 
(Bortolozzo et al., 2005; Bracken et al., 2003; Horsley et al., 2005), while sows tend to ovulate 
on average 40 h (32 to 48 h) following first expression of estrus (Kaeoket et al., 2002; Steverink 
et al., 1997).  Many timing strategies have been utilized when breeding with frozen-thawed 
semen with a single AI following first expression of estrus and have included: 24 h (Bwanga et 
al., 1991c; Einarsson and Viring, 1973), or 32-34 h (Aalbers et al., 1985b; Johnson et al., 1982).  
Double insemination regimens are often utilized in general forms such as AM-estrus, with AI the 
following PM and AM (Larsson and Einarsson, 1975, 1976a), or at specific intervals (8-17 h) 
between AIs, within 12-42 h following onset of estrus (Didion and Schoenbeck, 1996; Pursel et 
al., 1981; Pursel and Johnson, 1975).  Three or as many as four AIs with frozen sperm have been 
utilized within the first 48 h following estrus at 6 to 16 h intervals between AIs with limited 
success (Martin et al., 2000; Salamon and Visser, 1973).  Recently this breeding method with 
frozen-thawed sperm in spontaneously ovulating females that has yielded the best pregnancy 
rates in gilts (65%) and farrowing rates in sows (>72%) has utilized two inseminations, one at 24 
and the other at 36 h following estrus (Eriksson et al., 2002; Eriksson and Rodriguez-Martinez, 
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2000a).  It could be suggested that this breeding method allows insemination to occur within 8 h 
of ovulation in most cases, and in the best cases has allowed insemination to occur within 4 h of 
the time of ovulation.  Some studies have utilized treatments of eCG and hCG to reduce variation 
and precisely control the time of ovulation to 39-42 h following injection   (Dziuk and Polge, 
1962; Hunter, 1967; Larsson, 1976).  In a recent trial, high pregnancy rates (79%) for sows at 
day 30 were reported in part due to this method of synchronization allowing insemination to 
occur 2 to 0 h before the estimated time of ovulation (Okazaki et al., 2009a).  Recent studies 
utilizing liquid semen have found that timing has more of an effect than total number of cells per 
dose.  However fertility increases with increased sperm numbers per dose, and is improved when 
insemination occurs in the proper window near the time of ovulation (Garcia et al., 2007; 
Steverink et al., 1997).  The timing of insemination, especially with frozen-thawed sperm, is 
paramount to determining fertility outcomes.  With this knowledge future studies may be able to 
precisely control the numbers of sperm per breeding with alternative practices that allow AI 
closer to the time of ovulation. 
 
5.3 Alternative methods for AI with frozen-thawed boar sperm. 
 
Of the data presented in this review, most has focused on cervical insemination with 
frozen-thawed sperm.  However, other methods of insemination are available which place sperm 
in the reproductive tract beyond the cervix.  Intra-uterine insemination (IUI) and Deep-uterine 
insemination (DUI) are methods that allow deposition of semen into the uterus as shown in 
Figure 5.1 (Belstra, 2002).  With these methods, insemination volumes can be lowered which 
reduces the amount of backflow that occurs with conventional AI immediately following 
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insemination (Martinez et al., 2001; Mezalira et al., 2005).  These methods allow a greater 
chance of fertilization with low numbers of sperm per dose because the sperm is deposited 
beyond the folds of the cervix, which can act as a barrier.  In some cases, the folds trap as much 
as 99% of live and dead sperm (Holt, 2009; Senger, 2003).  Also this method allows semen to be 
placed further into the reproductive tract than conventional AI systems and closer to site of 
fertilization.  In the case of DUI, sperm is often placed near the distal end of the oviduct or the 
uterterotubal junction (UTJ) (Martinez et al., 2001).  For this reason, IUI and DUI have been 
shown to allow higher fertility when using decreased sperm numbers or damaged sperm cells 
with both fresh-chilled and frozen-thawed sperm (Rozeboom et al., 2004; Vazquez et al., 2005).  
Doses of 5x109 total frozen-thawed sperm have resulted in 70% pregnancy rates utilizing IUI 
(Bielas et al., 2008), while a DUI dose of 1x109 sperm has yielded pregnancy rates of ~78% and 
litter sizes of >9 total born pigs per litter (Bolarín et al., 2006; Roca et al., 2003).  The future 
inclusion of DUI is promising as 1x109 total cells is much lower than the accepted cervical AI 
dose at 5x109 total cells.  As with cervical insemination with frozen-thawed sperm, timing is 
important for pregnancy rate when DUI is utilized. Thus, it has been shown pregnancy rates are 
higher when inseminations occur 8 to 4 h before the expected time of ovulation (Wongtawan et 
al., 2006).  Despite much success with IUI and DUI it seems that producers have not accepted it 
as common practice because there are varying reports of technical difficulties during breeding 
and the procedure has been reported to cause damage to the reproductive tract (Bathgate et al., 
2008; Martinez et al., 2001; Watson and Behan, 2002).  Much of this difficulty has been 
attributed to improper breeding technique and type of catheter (Vazquez et al., 2008).  Literature 
seems to indicate that proper training of technicians is possible, however it can be expected that 
difficulty will occur in 5-10% of sows which prevents them from being inseminated.  In addition, 
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it is reported that 2-4% of animals will bleed with no major effects on fertility (Martinez et al., 
2001, 2002; Rozeboom et al., 2004; Vazquez et al., 2008; Watson and Behan, 2002).  It should 
be noted that the majority of IUI and DUI studies have been conducted with sows rather than 
gilts.  The IUI and DUI methods have much potential for improving the efficiency of the use of 
liquid extended semen by increasing availability of boars up to 600% of what is standard under 
current practices (Mezalira et al., 2005), however these types of insemination methods have 
much greater potential for impacting the use of frozen sperm.  These methods would allow lower 
numbers of frozen-thawed sperm to be used allowing for more doses of sperm from a single 
ejaculate from a high value boar.  Application of this technology when breeding sows with 
frozen semen close to the time of ovulation, would allow for high fertility rates while reducing 
numbers of sperm used. 
 Despite early difficulties in establishing acceptable fertility rates by industry standards 
using frozen-thawed boar sperm, it would seem to hold some promise for application.  Sperm 
used per dose remains high at 5-6x109 total cells in a double AI system, while the best timing 
system in spontaneously ovulating gilts and sows may require two AIs, with one at at 24 and 
then another at 36 h after estrus.  This system seems to allow the best chance for fertilization to 
occur based on the decreased lifespan of frozen-thawed sperm.  The use of IUI and DUI 
technology could improve the usefulness of frozen-thawed sperm, despite the difficulty during 
the breeding process, as it allows for doses to be decreased and thus decreases the expense when 
this type of sperm product is used.  Future research should focus on these aspects in order to 
attain an effective and commonly used methodology, as shown with liquid semen that provides 
fertility levels acceptable to the industry while allowing for the most efficient use of frozen 
sperm.   
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5.4 Figures. 
 
Figure 5.1- The reproductive tract and sites of deposition of semen for alternative methods of AI. 
Modified from Belstra 2002. 
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6.0 Pilot study: Development of procedures for cryopreservation and use of frozen-thawed 
boar sperm. 
6.1 Introduction. 
 
 Boar sperm frozen for domestic sale, or export containing valuable genetic material, 
offers many advantages for producers.  This technology improves distribution of swine genetics, 
since frozen-thawed sperm can be transported across great distances with no change in quality 
(Almlid and Hofmo, 1996; Eriksson et al., 2002).  In the case of a potential disease outbreak, 
paternal genetics preserved with this technology can be utilized to re-establish genetic lines in 
disease free animals (Purdy, 2008b).  Frozen boar sperm can also play a role in disease 
prevention.  A sample of frozen sperm can be held for pre-determined periods of the time while 
sires are tested for presence of harmful diseases, to help  control industry threats such as PRRS 
and PCV2 (Bailey et al., 2008; Maes et al., 2008).   Use of this technology to classify sperm 
samples as disease free holds great benefits for the swine industry, and can aid profit potential 
for studs with high health boars.  To date, there has been no concerted effort in the United States 
for groups of stud owners and exporters to produce a frozen-thawed sperm product certified for 
quality and health for sale in domestic and international markets.  This type of approach has been 
utilized for liquid preserved semen with success (Althouse et al., 2003; Guerin and Pozzi, 2005). 
Despite its benefits, frozen thawed semen has not been accepted for use as a breeding tool 
because of reduced post-thaw viability and overall expense (Johnson et al., 2000; Kelley, 2004).  
In the last two decades, sperm post-thaw viability has increased through the use of improved 
freezing media, and precisely regulated computer controlled freezers (Hernandez et al., 2007c; 
Jiang et al., 2007; Pursel and Park, 1985).  Post-thaw motility has remained the major indicator 
 64 
of viability.  As motility following freezing has improved and is more consistent, the accepted 
method of evaluation has shifted from manual with use of light microscopy to computer aided 
sperm analysis or CASA (Didion, 2008; Roca et al., 2006a).   
 
6.2 Objectives. 
  
The main goal of this study was to develop methodology for cryopreservation of boar 
sperm that yielded consistent post-thaw motility >40% and could result in fertility.  It was 
hypothesized that this technology could be utilized by Illinois based boar studs to provide a 
health certified frozen semen product, for domestic and international markets.  Development of 
this method would be accomplished by 1) modifying a freezing protocol and evaluating post-
thaw motility, 2) testing motility evaluation methods, 3) conducting preliminary breeding trials 
to test fertility potential of sperm, 4) estimating financial feasibility of freezing, and 5) through 
interactions with Illinois boar studs, exporters, and veterinarians define levels of diseried health 
certification. 
 
6.3 Objective 1: Development of a method for freezing boar sperm at the University of Illinois. 
 
6.3.1 Freezing procedure. 
 
A total of 41 ejaculates were frozen from 23 boars between November 2006 and 
September 2008.  Of those boars, 16 were owned by boar studs within Illinois, and 7 boars were 
from the University of Illinois swine farms.  Following collection, ejaculates were extended 1:1 
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in Androhep EnduraGuard (Minitube of America, Verona, WI) and stored at 17ºC.  Sperm rich 
factions collected at studs and were shipped overnight to the University of Illinois.  Upon arrival 
at the lab, semen was placed in 17ºC water baths for 2 hours to ensure proper temperature was 
achieved prior to freezing.  Pre-freeze motility evaluation was conducted and is described in 
Appendix A.  Pre-freeze concentration was estimated using a 1:100 dilution with a 
hemacytometer (Appendix A).   
Sperm was frozen using a modified method based on the Westendorf method, as 
described by Pursel and Park (1985).  For a detailed, stepwise-description of procedures see 
Appendix A.  The calculations performed to reach an extended freezing concentration of 1.4x109 
sperm/mL were conducted as described in Appendix A.  Semen was centrifuged at 800 x g for 
12.5 minutes and re-suspended in Androhep CryoGuard cooling extender.  Extended samples 
were placed in water baths in a 5ºC cold room for 2.5 h.  Following cooling, Androhep 
CryoGuard freezing extender (Minitube) containing 6% glycerol was added to reach the final 
freezing volume.  Following final extension, 0.5 mL French straws were filled using a semi-
automatic filling and sealing machine (Minitube) which filled and sealed 6 straws at once in 36 
straw cartridges.  Straws were then immediately placed in the Ice Cube freezing machine 
(Minitube) previously pre-cooled to 2ºC.  The freezing curve used is as follows: (2 to -4 ºC, in 3 
min, at 2 ºC/min), (-4 to -30 ºC, in 0.87 min, at 29.9 ºC/min), (-30 to -25, in 1 min, at 5 ºC/min), 
and finally (-25 to -140 ºC, in 11.5 min, at 10 ºC/min).  Following completion of the freezing 
curve the semen was plunged into liquid nitrogen.  The straws were sorted, placed in canes and 
stored in liquid nitrogen tanks.   
Post-thaw sperm motility was evaluated as described in Appendix A at the University of 
Illinois labs.  Motility data was evaluated in SAS (SAS Institute, Inc., Cary, NC) using a mixed 
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model ANOVA (PROC MIXED) for the continuous response variables post-thaw motility and 
post-thaw progressive motility.  A test and remove MIXED model contained the main effect of 
boar in all versions.  The effects of variables: initial motility, pre-freeze volume, and total cells 
were tested.  
 
6.3.2 Freezing method results. 
  
Upon arrival at the University of Illinois lab, 1:1 extended ejaculates averaged 431±27 
mL (mean ± SE) and contained 73.1±4.3 x 109 total sperm cells.  Initial motility analyzed in the 
lab using manual methods was 82 ± 1.8%, with a range of 40 to 96%.  The entire freezing 
process generally took 8 hours, with an additional 2 hours of pre-freeze preparation.  Overall 
post thaw motility averaged 55.6±1.1% (range 43-70%), while progressive motility averaged 
47±1.3% (Table 6.1).  A graph of post-thaw motility by ejaculate can be seen in Appendix B 
(Figure B.1).  Freezing events averaged 87.1±6.1 straws (range 28-160) per ejaculate.  The 
ejaculates revealed no effect of boar, pre-freeze motility, or any other variable (P>0.05) on post-
thaw motility or progressive motility.  The 1:1 extended semen and post-thaw motility are 
similar to values reported in the literature (Garcia et al., 2010; Roca et al., 2006a), and would 
appear to support observations for more consistent post-thaw motility.  There was no effect of 
pre-freeze motility.  It was surprising to note that boar did not have an effect on post-thaw 
motility and progressive motility, as it has been well documented that boar is not only a major 
factor for post-thaw motility, but also post-thaw viability and fertility (Eriksson et al., 2002).  It 
is likely that if more boars were represented with multiple ejaculates in this experiment a boar 
effect on post-thaw motility might be observed.  Within boar variation for post-thaw motility of 
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multiple freezings events across months was evaluated for boars with two (n=11) and three (n=3) 
ejaculates in Appendix B (Figure B.2, and B.3).  
In addition, some ejaculates (n=8) were frozen as pooled samples (n=3).   Pools 
contained either three ejaculates (n=2), or two ejaculates (n=1).  Sub-samples of each boar’s 
ejaculate (50 mL at a 1:1 dilution) represented in the pools were frozen and evaluated separately. 
The post-thaw motilities of ejaculate sub-samples from each boar, and individual pools are 
shown in Table 6.2.  Post-thaw motility of pools was generally better than the lowest boar 
motility sample within the pool, but less than the best boar sample motility within the pool.  
Overall post-thaw motilities of the pools averaged 59±4.7% motile with Pool 1A, Pool 1 B, and 
Pool 2 A having 54, 61, and 63% motility respectively.  The number of straws produced 
depended on the number of boars within the pool.  Pool 1A contained two boars and produced 90 
straws, while three boars produced 449 straws in Pool 1B, and 258 straws in Pool 2A.  Freezing 
of pooled semen has been utilized for viability and breeding trials, and may be utilized to limit 
the effect of boar on fertility (Garcia et al., 2010), while providing large quantities of straws for 
AI.  However when pooled or otherwise mixed semen is utilized for breeding, litters are 
comprised of offspring from multiple sires (Martin and Dziuk, 1977; Pursel et al., 1978b), thus 
greatly limiting the genetic value of the offspring.   
It should be noted that the freezing curve utilized in this trial is slightly different from 
others in that it has a 5ºC increase (from -30ºC to -25ºC) in temperature during the time of ice 
crystal formation.  Most protocols in use today have a 1 minute holding time either at about -6ºC 
or at -80ºC (Eriksson et al., 2002; Garcia et al., 2010; Hernandez et al., 2007c).  Our experiment 
was not designed to test the benefits of freezing rates, however it may be that the increase in 
temperature allows for appropriate ice crystal formation and release of the specific heat of water, 
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accounting for temperature swings that occur during this process (Bwanga et al., 1991b; Mazur, 
1985; Pursel and Park, 1985).  Altering freezing rate does have an effect on ice crystal formation, 
and when proper freezing rates are utilized post-thaw motility increases (Fiser et al., 1993; 
Thurston et al., 2003).  Effects of freezing rate on fertility have recently been suggested in trials 
testing freezing package surface area and volume (Eriksson and Rodriguez-Martinez, 2000a; 
Eriksson et al., 2001; Pelaez et al., 2006).   
 
6.4. Objective 2: Assessment of pre-freeze and post-thaw motility evaluation methods. 
 
6.4.1 Evaluating methods of manual and CASA post-thaw evaluation. 
 
 Variation in post-thaw evaluation methods have been reported, however consistency can 
be achieved if methods are standardized (Holt et al., 1996).  Affirmation of manual 
measurements would provide quality control for semen frozen in our lab.  An assessment of 
evaluation methods was conducted comparing motility and concentration of frozen ejaculate 
samples (n=3) with manual microscope observation and using a Spermvision (Minitube) CASA 
machine at the University of Illinois in July 2007.  For the Spermvision CASA evaluation, a 
minimum of 2 straws per boar, and 2 sub-samples from each straw were tested. For manual 
estimation, 2 straws were tested, while only 1 sub-sample was tested from each straw. 
At the University of Illinois labs, sperm motility prior to freezing, and also post-thaw was 
evaluated as described in Appendix A.  Samples at 1:40 dilution were incubated for 10 minutes 
at 37ºC in Androhep CryoGuard Thaw extender, then placed on prewarmed slides (37ºC) on a 
heated stage.  A phase-contrast microscope with a 20x objective was utilized to observe 10 fields 
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of 10 sperm.  Sperm that were moving, and not stuck to the slide, were counted as motile.  Sperm 
that were moving forward were counted as progressively motile.  In order to determine post-thaw 
concentration, a serial dilution with a final ratio of 1:400 (semen:kill solution) was utilized on a 
hemacytometer.  The dilution method is shown in Appendix A.   
The Spermvision system evaluated a total of 1000 sperm from 7 fields.  A 1:40 dilution 
on MicroCell counting chambers (Conception Technologies, San Diego, CA) with 20um depth 
chambers, were utilized for evaluation.  Samples evaluated with Spermvision were incubated 10 
min in thaw solution at 37 ºC. The samples were allowed to sit on pre-warmed slides for 45-60 
seconds prior to evaluation.  A phase contrast microscope with a 20x objective was used to 
conduct the evaluation. 
 The data that resulted from the manual and Spermvision CASA evaluation were 
evaluated in SAS using PROC MIXED.  The continuous response variables included post-thaw 
motility, progressive post-thaw motility, and post-thaw concentration.  The class variables 
included in the model were method of evaluation and boar. 
 
6.4.2 Results of evaluation method assessment. 
  
During the assessment of the manual and Spermvision methods these dilutions (1:10-
1:60, and 1:100) were tested for consistency (~50% ± <10% motility) among the two methods 
tested (Table 6.3).  The dilution that gave the most consistent values between the two methods 
was 1:40.  Comparisons of manual and Spermvision CASA methods for motility and 
concentration are shown in Table 6.4.  The two methods tested yielded similar results.  In this 
experiment post-thaw motility was not effected by method of evaluation (P>0.05).  The adjusted 
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means for post-thaw motility was 55.5±3.1% for manual evaluation and 50±2.0% for CASA.  
Progressive motility was affected by method of evaluation (P<0.0001).  Manual evaluation for 
progressive motility was 45±2.8%, while CASA averaged 25±1.9%.  Post-thaw concentration 
was not affected by method of evaluation and adjusted means were 1.84x109±0.4 sperm/mL for 
manual evaluation and 1.73x109±0.3 sperm/mL for CASA.  
The results of our analysis verify the methodology utilized for manual evaluation of 
motility and concentration in our laboratory.  These findings also validate the post-thaw quality 
of sperm frozen in the method presented.  Differences in post-thaw progressive motility between 
manual evaluation and CASA can be expected since CASA is able to track, classify, and analyze 
individual sperm.  The accuracy of CASA machines has been well documented, but it is 
understood that different methods of preparation and measurement parameters can result in 
different values for motility and concentration (Didion, 2008; Holt et al., 1996).   
 
6.5 Objective 3: Evaluating the fertility for semen frozen using AI.  
 
6.5.1 Gilt synchronization. 
 
In order to evaluate the fertility of frozen semen produced at the University of Illinois, a 
preliminary breeding trial was conducted with limited numbers of terminal line gilts (n=14) (337 
x C22, PIC North America, Hendersonville, Tennessee).  The gilts were 175 days of age and 
were induced into estrus utilizing an injection of PG600 (400 IU eCG and 200 IU hCG), and ten 
days later were synchronized with fed MATRIX (Altrenogest 2.2 mg/ml Intervet/Schering-
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Plough, Kenilworth, New Jersey).  Twenty-four hours following last MATRIX feeding, an 
additional injection of PG600 was administered.  Estrus detection was conducted at 12 h 
intervals.  The gilts were assigned to receive sperm from individual boars (n=5), or pooled semen 
(n=2) as they expressed estrus.   
 
6.5.2 Sperm selection. 
 
For use in this breeding trial, individual boar (n=37) and pooled (n=5) samples were 
tested for motility using a Hamilton Thorne CASA machine (Hamilton Thorne Research, 
Beverly MA, USA) at the USDA-ARS National Center for Genetic Resources Preservation, 
National Animal Germplasm Program in Fort Collins, CO, according to previously published 
methods (Purdy, 2008a).  Ejaculates from boars L and P, as well as Pools 1A and 1B were tested.  
Not all samples were evaluated (ejaculate#/boar, as listed in table 6.1): 34/H, 26/P, and both 
ejaculates from boars ZA and ZB.  Of the 42 samples, 19 were evaluated and classified as fertile 
for AI.  The main criterion for fertility was motility measures assessed at 0-15 minutes, and 60 
minutes post-thaw.  Samples that were classified as fertile had an average 29% motility 
immediately following thawing, and maintained that motility for the hour (33% motile).  A 
comparison of the characteristics of boars classified as fertile and those that did not pass the 
assessment are shown in Table 6.5, while a complete list of boars evaluated and individual 
characteristics is shown in Appendix C (Table C.1).   
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6.5.3 Insemination. 
 
Following estrus, gilts (n=9) were inseminated with 1.0x109 motile sperm, while other 
gilts (n=4) were inseminated with 2.0x109 motile sperm, and a single gilt (n=1) was inseminated 
with 4.0x109 motile sperm.  Of the total gilts bred (n=14), ten gilts received a single AI at 32 h 
following estrus, while four received a double AI at 24 and 32 h following estrus.  Pooled semen 
was utilized in doses of 2.0 and 4.0x109 motile sperm. Frozen-thawed sperm used in the 
inseminations was extended in 80 mL of Androhep CryoGuard Thaw extender (Minitube) at 
26ºC.  Inseminations occurred using standard foam tipped and spirette catheters.  Reproductive 
tracts were collected at day 26 of gestation and pregnancy and litter data were recorded. 
 
6.5.4 Fertility results. 
  
Fertility results are summarized by boar in Table 6.6.  Because the sperm available was 
limited, breedings were not evenly distributed by boar across dose or number of inseminations.  
Across all treatments, pregnancy rate averaged 71.4% (10/14) with a litter size of 15.5 fetuses 
per litter.  Despite low animal numbers, pregnancy rate [75% (3/4)] litter size (12±2.8) for 
double AI was similar to pregnancy rate [70% (7/10)] and litter size [14.6±1.3] resulting from a 
single AI.  Both single and double AIs yielded similar fertility to what has been reported by 
others (Eriksson et al., 2002; Roca et al., 2003).  More importantly, the results from the breeding 
trial indicated that the cryopreservation method was capable of yielding fertile sperm that could 
be used to produce acceptable pregnancy rates and litter sizes.    
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6.6 Objective 4: The estimated cost of freezing one ejaculate in our lab. 
 
A study of the costs and supplies required for freezing one ejaculate was conducted 
during development of the cryopreservation method. Supplies included slides, pipettes, 
extenders, conical tubes, straws, and liquid nitrogen.  Shipping costs to the lab and labor costs 
were also included.  Costs were estimated based on prices as listed during fall, 2006. A general 
itemized list of expenses related to freezing and supplies can be found in Table 6.5, while a more 
detailed list can be found in Appendix D (Table D.1).  The cost analysis did not include variable 
costs such as lab space and cooling cabinet space, nor did it include fixed depreciation costs of 
lab equipment such as; the controlled rate freezer, straw filling machine, centrifuge, liquid 
nitrogen storage tanks, microscopes, or water baths.  It is also important to note that the genetic 
value of the sperm frozen was not included in the final estimated freezing cost.  Understanding 
the costs associated with freezing and controlling them is important because expense is one of 
the deterrents to acceptance of frozen semen as a breeding tool.   
The estimated overall cost for freezing an ejaculate containing 100x109 sperm and frozen 
at 1.4x109/sperm per mL in 143 ½ cc straws at the University of Illinois is approximately 
$276.00, or ~$1.93/straw (Table 6.5).  The accepted frozen-thawed sperm dose of 5x109 total 
cells would cost $11 per dose in freezing costs alone.  This is similar to the cost estimated in a 
recent producer publication ($6-11/dose), however both estimated costs do not account for 
genetic value of semen (Kelley, 2004).  Therefore, frozen semen is much more expensive than 
commercial liquid preserved semen which costs about $6-8/dose.  However, some control of cost 
can be accomplished by increasing the sperm concentration, as semen frozen at only 1x109 
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would cost ~$15/dose. It must be noted that as sperm concentrations increase within a straw, 
there is less control over number of cells used for AI.  
 
6.7 Objective 5: Illinois boar stud, exporter, and veterinarian discussions on semen quality and 
health certification. 
 
Meetings were held with the owners of the three boar studs involved with this project to 
discuss classifications for levels of certification.  In addition meetings were also held with three 
exporters with interest in exporting frozen boar sperm.  A large animal veterinarian from the 
University of Illinois was also present at the meetings.  The purpose of the meetings was to come 
to a consensus on biosecurity measures, boar health, and semen quality in order to define levels 
of health certified frozen-thawed semen.  Such certification would provide a product that is 
marketable on a domestic and international scale.  Measures to control disease have already been 
shown to have a large role in liquid semen sales and export (Althouse et al., 2003; Guerin and 
Pozzi, 2005).   
A description of opinions shared by studs at the meetings can be found in Appendix E.  
Generally, studs agreed on basic elements of isolation of new animals (30 days), and downtime 
with no human to swine exposure between farms (minimum of 24 h).  In addition the raw semen 
quality requirements for freezing for all studs were similar (>70% motile).  The main conclusion 
was that the minimum health certification levels should be based on interstate animal sales 
requirements, with boars being free of industry disease threats such as Brucellosis, Pseudorabies, 
PRRS, and PCV2.  Certification levels would increase as requirements for export markets 
increased, with the highest level of certification being equal to most stringent trade regulations in 
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the world during the year of freezing.  It was concluded that this type of cooperative agreement 
between studs was a viable arrangement that would promote distribution of Illinois swine 
genetics through sales of frozen boar sperm.   
 
6.8 Conclusion. 
 
 In this study the cryopreservation methodology yielded >40% post-thaw motility 
consistently across samples.  The evaluation methods verified post-thaw quality of sperm frozen 
in this trial, while also validating the evaluation methods utilized in our lab. Preliminary breeding 
trials resulted in ~70% pregnancy rates with ~15 normal fetuses per litter at day 30.  Despite low 
numbers of animals bred, these fertility measures are comparable to most trials with frozen-
thawed sperm, verifying the acceptability of the cryopreservation method and the potential for 
future use of this product for sale of genetic material.  The feasibility study found one dose of 
frozen-thawed sperm can cost as much as $11 in freezing costs alone.  However, if a concerted 
effort is made to ensure frozen sperm is disease free, the increased expense may not deter 
producers who are striving to improve their herd genetics.  In the future, these findings should be 
utilized to improve consistency of product and the marketability of sperm frozen within Illinois, 
while also increasing the overall acceptability of frozen-thawed sperm as a tool for genetic 
improvement in the swine industry both domestically and internationally.   
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6.9 Tables. 
Table 6.1 Pre-freeze and post-thaw characteristics of ejaculates frozen in the modified 
Westendorf method utilized at the University of Illinois laboratory.  Motility measures were 
conducted with a 1:40 dilution at 37ºC on a phase-contrast microscope with a 20x power 
objective.   
Ejaculate 
Number 
Boar 
Letter 
Total cells  
per ejaculate 
(x109) 
Pre-freeze 
Motility 
(%) 
Post-Thaw 
Motility 
(%) 
Post-Thaw  
Progressive 
Motility (%) 
Number of 
Straws 
Frozen 
53 A2A - 83 47 46 - 
30 B 72.17 86 60 50 79 
42 C1A - 65 48 44 - 
48 C1B - 94 54 47 - 
23 D 96.70 91 56 45 110 
20 E 73.20 79 50 24 150 
35 E 93.80 80 52 45 108 
14 G 75.00 87 57 46 80 
19 G 90.60 82 56 49 112 
34 H 51.97 82 57 48 56 
52 H2A - 91 62 54 - 
18 J 103.30 95 66 65 103 
27 J 36.20 92 52 43 36 
22 K 88.10 86 56 47 100 
13 L 75.00 75 62 56 100 
49 M1B - 78 45 37 - 
17 O 97.50 88 69 28 120 
26 P 36.10 81 68 60 35 
32 P 68.90 85 51 47 81 
38 P 45.40 82 56 51 42 
47 Q1B - 91 62 55 - 
21 R 114.10 77 49 40 160 
43 S1A - 96 57 49 - 
54 S2A - 79 69 59 - 
12 T 60.00 78 62 53 80 
44 U 86.60 90 58 56 99 
50 U 102.90 89 55 50 121 
39 V 45.45 93 51 46 46 
40 V 70.32 91 48 47 78 
45 V 94.70 83 52 35 108 
36 W 69.30 85 54 47 71 
37 W 68.90 71 55 53 73 
24 X 52.20 90 56 40 63 
25 X 95.30 87 70 62 105 
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Table 6.1 (cont.) 
Ejaculate 
Number 
Boar 
Letter 
Total cells per 
ejaculate 
(x109) 
Pre-freeze 
Motility 
(%) 
Post-Thaw 
Motility 
(%) 
Post-Thaw  
Progressive 
Motility (%) 
Number of 
Straws 
Frozen 
28 Y 82.40 85 45 43 108 
29 Y 115.40 89 65 52 140 
31 Y 92.90 88 57 41 100 
62 ZA 38.00 82 52 51 28 
63 ZA 59.80 65 51 41 66 
64 ZB 27.10 40 45 43 - 
65 ZB 32.10 42 43 40 30 
Mean±SE  73.1±4.3 82±1.8 55.6±1.1 47±1.3% 87.1±6.1 
1AEjaculate sub-sample from Pool 1A 
1BEjaculate sub-sample from Pool 1B 
2AEjaculate sub-sample from Pool 2A 
 
 
 
 
 
Table 6.2 Post-thaw motility of boar samples within pools. Boars within row are in the same 
pool.  Sub-samples (50 mL at a 1:1 dilution) of each boar within pool were frozen and evaluated 
separately.  
 Boar   
Pool Post-thaw Motility (%) Pool PT Motility (%) 
Pool 1A C - (48) S - (57) - (54) 
Pool 1B C - (54) Q - (62) M - (45) (61) 
Pool 2A H - (62) S - (69) A - (47) (63) 
Boar letters are as presented in Table 6.1. 
Numbers in parenthesis are post-thaw motility (%). 
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Table 6.3 Dilutions utilized to determine proper methodology for use of Spermvision (Minitube) 
with frozen-thawed sperm cryopreserved at a concentration of 1.4x109 sperm/mL.  All post-thaw 
samples were from boar C. 
 Post-thaw Motility (%) 
Dilution Spermvision Manual 
1:1 94.2 - 
1:10 60 - 
1:20 58.97 48 
1:30 - 49 
1:40 46.51 48 
1:60 35.25 - 
1:100 24 - 
    
 
 
Table 6.4 Post-thaw motility (%), progressive motility (%), and concentration (x109sperm/mL) 
as found with manual and CASA motility evaluation methods at a 1:40 dilution, with a 20x 
objective at the University of Illinois.  Data presented (mean±SE). 
  Method of Evaluation 
Boar Measure Manuala Spermvisionb  
 Straws (subsamples/straw) 2 (1) 4 (2) 
G PT Motility (%) 49.5±1.5 41.2±3.1 
 PT Prog. Motility (%) 31.5±4.5 19.2±1.9 
 Concentration (x109sperm/mL) 1.4±0 0.91±0.13 
    
Pool 1A PT Motility (%) 56.0±2.0 54.8±5.4 
 PT Prog. Motility (%) 49.0±4.0 32.4±4.5 
 Concentration (x109sperm/mL) 1.3±0.03 2.1±0.71 
    
Pool 1B PT Motility (%) 61.0±2.0 55.8±3.6 
 PT Prog. Motility (%) 55.0±2.0 27±2.6 
 Concentration (x109sperm/mL) 2.8±0.86 2.5±0.32 
Pool 1 A is comprised of 2 ejaculates from boars C and S. 
Pool 1 B is comprised of 3 ejaculates from boars A, H, and S. 
aStraw (n=2) were represented by 1 sub-sample each. 
bStraws (n=2) were represented by 2 sub-samples each. 
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Table 6.5 Post-thaw classification of fertility potential prior to breeding, based on motility, and other characteristics, as conducted with 
a Hamilton Thorne Research CASA machine at USDA labs in Ft. Collins CO.  Procedure previously described in Purdy, 2008a.  
Evaluation occurred at 0 and 60 minutes following thaw.  Data presented as (mean±SE). 
Evaluation Result n Mot T0a Mot T60a Prog T0b Prog T60b PMI 0c PMI 60c LAR0d LAR60d 
Fertile for AI 19 29.7±3.2 33.2±3.2 11.1±1.9 12.7±2.0 55.5±2.1 53.1±2.5 2.5±4.6 4.3±0.3 
Failed evaluation 23 12.4±2.9 20.8±3.3 3.6±1.5 5.7±1.4 54.9±2.0 50.9±2.3 7.7±1.7 9.1±1.4 
aMotility (%). 
bProgressive Motility (%). 
cPlasma Membrane Integrity (%).  
dLive Acrosome Reacted (%). 
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Table 6.6 Pregnancy rate and normal fetuses by boar, number of motile cells, and number of AI.  
Inseminations occurred 32 h after estrus, or 24 and 32 h after estrus expression.  Tracts were 
collected at day 26 of gestation. 
Boar Gilts (n) Motile 
Sperm (x109) 
Number of AI Pregnancy rate Normal fetuses 
per litter 
K 1 1 1 0/1 - 
L 1 1 1 1/1 18 
M 1 1 1 0/1 - 
R 1 1 1 0/1 - 
P 1 1 1 1/1 17 
Pool 1 A 1 1 1 1/1 14 
Pool 1 A 1 2 1 1/1 19 
Pool 1 B 1 1 1 1/1 8 
Pool 1 B 1 2 1 1/1 12 
Pool 1 B 1 4 1 1/1 10 
P 1 1 2 1/1 7 
Pool 1 A 1 2 2 1/1 13 
Pool 1 B 1 1 2 0/1 - 
Pool 1 B 1 2 2 1/1 18 
   Mean±SE 71.4% (10/14) 15.5±1.3 
Pool 1 A is comprised of 2 ejaculates from boars C and S. 
Pool 1 B is comprised of 3 ejaculates from boars A, H, and S. 
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Table 6.7 Itemized estimate for freezing 1 ejaculate containing 100x109 sperm at 1.4x109 
sperm/mL (143 straws total).  Costs presented are as estimated in fall of 2006. 
Item $/Straw $/Ejaculate 
Ejaculate shipping1 0.15 30.00 
Processing and evaluation equipment2 0.06 12.16 
Extenders and extension equipment3 0.09 17.40 
Packaging and labeling supplies4 0.22 43.55 
Liquid Nitrogen5 0.11 22.50 
Labor6 0.75 150.00 
Totals 1.92 275.61 
Estimates do not include depreciation of equipment, or fixed and variable costs such as 
equipment depreciation and facility fees. 
1Shipments of single ejaculates to the U of I lab in styrofoam containers (2ft x 2.5ft x 2.5ft). 
2Includes slides, cover slips, and pipettes. 
3Includes cooling and freezing medium, conical tubes, and 10 mL pipettes. 
4Includes labels, straws, sealing balls, and liquid nitrogen storage canes. 
5Estimated cost of nitrogen used for freezing and storage. 
6Includes rate of $15/h for 10 h. 
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7.0 Effect of number of motile, frozen-thawed boar sperm and number of fixed-time 
inseminations on fertility in synchronized gilts. 
 
Karl W. Spencera, Phil H. Purdyb, Harvey D. Blackburnb, Scott F. Spillerb, Terry S. Stewartc, 
Robert V. Knox*a 
 
7.1 Abstract. 
 
There are advantages for use of frozen-thawed boar sperm (FTS) as a tool for 
preservation and transfer of valuable genetic material, despite its practical limitations. We 
hypothesized that increasing the number of motile FTS and number of fixed-time artificial 
inseminations (AI) would improve pregnancy rate and litter size.  Semen from 6 boars was 
frozen in 0.5 mL straws at 500 x 106 cells/mL. Gilts ~170 d of age, were induced into estrus with 
PG600® and synchronized using MATRIXTM (synthetic progestagen). Following last feeding of 
MATRIX (LFM), gilts were checked twice daily for estrus. At onset of estrus, gilts were 
randomly assigned in a 3 x 2 factorial treatment design to receive 1 x 109 motile FTS (n=19), 2 x 
109 motile FTS (n=19), 4 x 109 motile FTS (n=19) in a single AI at 32 h after onset of estrus, or 
1x109 motile FTS (n=18), 2x109 motile FTS (n=17), or 4x109 motile FTS (n=19) in each of two 
AI at 24 and 32 h following onset of estrus. Ultrasound was performed at 12 h intervals after 
estrus to estimate time of ovulation.  Reproductive tracts were collected 28-34 d following AI. 
Estrus occurred at 139 ± 2 h (mean ± SE) after LFM and ovulation at 33 ± 1 h following onset of 
estrus.  Dose and number of inseminations did not interact or individually influence pregnancy 
rate at slaughter (73 ± 4.2%) or numbers of normal fetuses (10.8 ± 0.5). However, number of 
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fetuses tended (P=0.14) to increase with double AI but not with dose.  Boar did not affect 
pregnancy rate but did affect number of normal fetuses and embryonic survival (P<0.01).  
Longer intervals from insemination to ovulation reduced pregnancy rate (P<0.05), number of 
normal fetuses (P<0.001), and embryonic survival (P<0.01). Ovarian abnormalities at slaughter 
were associated with reduced pregnancy rate (P<0.001). The results of this experiment indicate 
that a double insemination using 2 x 109 motile sperm would produce the greatest number of 
piglets with fewest numbers of frozen sperm used, while double AI with 1 x 109 motile sperm 
would be most practical for pig production with limited genetic resources. Fertility was also 
influenced by boar, interval from insemination to ovulation, and gilt ovarian abnormalities.    
 
7.2 Introduction. 
 
Due to reduced fertility in comparison to liquid extended semen, frozen-thawed boar 
sperm is used in less than 1% of all inseminations (Johnson et al., 2000).  Despite its limited use 
in commercial production, frozen boar sperm has potential for application if improvements can 
be achieved in post-thaw sperm quality and AI fertility. Frozen boar semen is valued for 
maintaining swine genetics in the cryopreserved state to allow for preservation and regeneration 
of valued genetic lines, for providing for an emergency sperm supply, and for facilitating 
opportunities for global gene distribution (Almlid and Hofmo, 1996; Bailey et al., 2008; Eriksson 
et al., 2002; Johnson et al., 2000; Roca et al., 2006c).   
Extensive research has been conducted on methods to improve post-thaw fertility of 
frozen boar sperm.  One major limitation is that fertility following freezing is influenced by boar 
and ejaculate and involves variability in plasma membrane integrity (Waterhouse et al., 2006).  
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To preserve membrane integrity and sperm viability, several freezing methods have proven 
successful (Bwanga, 1991; Großfeld et al., 2008; Johnson et al., 2000; Larsson, 1978).  Of these, 
computerized, controlled-rate freezing machines (Johnson et al., 2000; Thurston et al., 2003) 
allow for optimal freezing rate control for maintaining sperm membrane integrity (Fiser et al., 
1993; Hernandez et al., 2007c).  In addition, sperm freezing in straws and bags allows for more 
uniform freezing and thawing with the increased surface area when compared to pellets (Bwanga 
et al., 1990; Eriksson and Rodriguez-Martinez, 2000a, 2000b; Pursel and Johnson, 1976). 
Improvements in freezing media, such as addition of cholesterol (Bailey et al., 2008), seminal 
plasma (Hernandez et al., 2007b; Okazaki et al., 2009b) or antioxidants (Großfeld et al., 2008) 
have been reported to have potential for improving post-thaw sperm motility and acrosome 
integrity. 
Many early studies with frozen boar sperm resulted in reduced post-thaw quality, and 
fertility following insemination. The decreased sperm fertility may have resulted as a 
consequence of method of freezing while reduced AI fertility could be attributed to variation in 
number of inseminations, number of sperm used, and less than optimal AI timing. In studies, the 
insemination doses tested were based on the number of motile or total sperm cells per dose with 
estimates for motility averaging ~30% (Einarsson et al., 1973; Larsson and Einarsson, 1976b).  
In a review of earlier research, farrowing rates remained at ~55% and litter sizes at ~8 pigs/litter 
(Johnson, 1985).  More recent studies have used single or double inseminations with 5-6 x 109 
total sperm with post thaw-motility reported at ~40-60% (Okazaki et al., 2009a; Roca et al., 
2003).  Fertility following AI in more recent trials has yielded pregnancy rates >60% with litter 
sizes >9 pigs per litter (Eriksson et al., 2002; Hofmo and Grevel, 2000). New technologies, such 
as intrauterine and deep uterine AI, may allow for increased fertility when using reduced 
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numbers of sperm (Roca et al., 2003; Rozeboom et al., 2004). Improved AI timing is also 
essential since frozen boar sperm has a reduced fertile lifespan (Einarsson and Viring, 1973; 
Waberski et al., 1994) and must be deposited within 4 hours before ovulation to result in 
fertilization rates similar to those using liquid semen (Waberski et al., 1994).  
We hypothesized that improved pregnancy rates and litter sizes would result from use of 
increased numbers of motile, frozen-thawed sperm when using multiple instead of single timed 
inseminations in order to compensate for variation in the time of ovulation and reduced fertile 
lifespan of frozen sperm.  The objectives of this study were to test the impact of numbers of 
motile, frozen-thawed boar sperm in either a single or double AI, in relation to interval from last 
estrus synchronization treatment to estrus, time of ovulation, and other sources of variation that 
included boar, ovulation rate, quality of insemination, and other uncontrolled causes of variation.     
 
7.3 Methods and materials. 
 
7.3.1 Animals, induction and synchrony of estrus, determination of ovulation, and insemination. 
 
The experiment was performed at the University of Illinois swine research farm in six 
sequential replicates from December 2007 to June 2008.  All procedures utilized in this 
experiment were approved by the University of Illinois Institutional Animal Care and Use 
Committee.  Terminal line gilts (n=123, 337 x C22, PIC North America, Hendersonville, 
Tennessee) were moved from a finishing barn into crates in a gestation building. All gilts were 
given PG600 (400 IU eCG and 200 IU hCG, Intervet/Schering-Plough, Kenilworth, NJ) for 
initial induction of estrus.  The gilts selected for this experiment ranged from 165 to 198 d of age 
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and weighed between 95 and 139 kg at the time of induction.  Estrus detection was performed 
daily using the back-pressure test while providing fence-line contact with a mature boar. Ten 
days following treatment with PG600, regardless of estrus expression,  gilts were synchronized 
using a synthetic progestagen, MATRIX (Altrenogest 2.2 mg/mL, Intervet/Schering-Plough, 
Kenilworth, NJ, USA) for 14 d as a top-dress on a standard sow gestation diet.  After 14 days of 
MATRIX feeding, in replicates 1-3, gilts were checked for estrus once daily. In replicates 4-6, 
PG600 was given to all gilts 24 h following LMF in order to reduce variation in timing of estrus 
and to aid in labor scheduling and timing for AI. Beginning on the third day following LMF, 
estrus detection was performed at 12 h intervals.  Transrectal real-time ultrasound (Aloka 500V, 
Tokyo, Japan) was initiated 12 h following onset of estrus and continued at 12 h intervals to 
observe ovaries and estimate  time of ovulation (Knox et al., 2002).  The total number of large 
antral follicles >5.0 mm were counted and the images recorded in electronic format on DVD for 
playback confirmation of follicle size and number.  Overall, 111 animals expressed estrus after 
LMF and were assigned to treatment. At onset of estrus, gilts were randomly assigned in a 3 x 2 
factorial treatment design to receive 1 x 109 motile FTS (n=19), 2 x 109 motile FTS (n=19), 4 x 
109 motile FTS (n=19) in a single AI at 32 h after onset of estrus, or 1 x 109 motile FTS (n=18), 
2x109 motile FTS (n=17), or 4x109 motile FTS (n=19) in each of two AI at 24 and 32 h 
following onset of estrus.  Gilts were randomly assigned to each treatment in order of estrus 
detection so that all treatments would receive sperm from the same boar.  The order for boar use 
was random, but we selected each boar to be represented across each treatment before the 
process was repeated for next boar. The daily experimental procedures involved semen thawing 
and dose preparation (0500 and 1700 h), ultrasound (0800 and 2000 h), followed by estrus 
detection (0900 and 2100 h).  
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7.3.2 Semen collection, evaluation, and freezing. 
 
Terminal line (L220), high health, crossbred boars (PIC, n=6) with a previous history of 
offspring production were selected for use in this study. A total of 3-7 ejaculates were collected 
for each boar and processed for freezing. Semen was collected at a commercial PIC stud, diluted 
1:4 (v:v) with 37 ºC Androhep Plus (Minitube of America, Verona, WI), cooled to 15 ºC and 
shipped overnight to the USDA-ARS National Center for Genetic Resources Preservation, 
National Animal Germplasm Program in Fort Collins, CO, USA.  The samples were then 
centrifuged for 10 min at 800 x g and the supernatant aspirated and the resulting pellet evaluated 
for sperm concentration using a spectrophotometer (Purdy, 2008a).  Motility of the ejaculate was 
determined by Computer Assisted Sperm Analysis (CASA, Hamilton Thorne Research, Beverly 
MA, USA) as previously described (Purdy, 2008a).   
 The ejaculates used in this experiment were frozen using the method of Pursel and 
Johnson (1975) as modified by Purdy (2008a).  Briefly, following centrifugation, sperm pellets 
were re-suspended in BF5 cooling extender (CE, 52 mM TES, 16.5 mM Tris [hydroxymethyl] 
aminomethane, 178 mM glucose, 20% egg yolk; 325 mOsm) to 750 x 106 sperm/mL.  The sperm 
were then equilibrated at 5 ºC for 2.5 h and diluted to 500 x 106 sperm/mL by drop-wise addition 
of the BF5 freezing extender (91.5% CE, 6% glycerol, 2.5% Equex Paste, Minitube of America; 
1450 mOsm; (Pursel and Johnson, 1975). The sperm was placed into 0.5 mL CBS straws (IMV 
Corporation, Minneapolis, MN, USA) and frozen using a programmable freezer (Minidigicool 
UJ400, IMV USA) with the following freeze curve: 5 ºC to -8 ºC at 20 º/min; -8 ºC to -120 ºC at 
 88 
69 ºC/min; -120 ºC to -140 ºC at 20 ºC/min (Purdy, 2008a). Following the freezing cycle the 
straws were placed directly into liquid nitrogen for storage.   
Following ejaculate freezing, the numbers of motile sperm/straw were estimated by 
thawing a random straw and evaluating motility using CASA. Thawed sperm were diluted 1:5 
(v:v) in BTS and warmed to 37°C and evaluated after 10 minutes. The CASA used the following 
parameters which were preset by the manufacturer: 30 frames acquired, frame rate of 60Hz, 
minimum contrast of 55, minimum cell size of 5 pixels, VAP cutoff of 20 µm, progressive 
minimum VAP cutoff of 45 µm/s, VSL cutoff of 5 µm/s, static head size of 0.53 to 4.45, and 
magnification of 1.89.  A minimum of seven fields and 1000 sperm were observed for motility 
analysis.  The percentage of motile sperm within each straw was used to determine the number 
of straws needed to create doses with the proper number of motile sperm. Each dose of FTS was 
comprised of each of 3-7 ejaculations from a single boar.  Frozen sperm to be used for 
insemination was sent to the University of Illinois in liquid nitrogen dry vapor containers.  
 
7.3.3 Sperm thawing and insemination. 
 
To prepare each insemination dose, straws of frozen boar sperm were placed in a 50° C 
waterbath and agitated for 20 seconds for thawing.  The thawed sperm were diluted with 80 mL 
of Androhep CryoGuard Thaw extender (Minitube of America, Verona, Wisconsin) in a 26° C 
waterbath.  Within 30 minutes of thawing, intra-cervical insemination was performed using 
standard spirette or foam tipped AI catheters (Minitube of America, Verona WI) in the presence 
of a boar.  Since all animals in this experiment received an insemination at 32 h following first 
expression of estrus, this AI was scored for sperm loss during AI.  Insemination scoring was 
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based on categorical 1-3 scale, with a score of 1 having excessive volume loss during AI, 2 
having moderate loss, and 3 having no volume loss during insemination.  
 
7.3.4 Pregnancy classification and reproductive tract processing. 
 
Gilts were sacrificed between days 28 and 34 of gestation and reproductive tracts 
collected.  The tracts were identified and processed for pregnancy status (0 fetuses = not 
pregnant, or 1 or more fetus = pregnant), number of normal fetuses, number of degenerative 
fetuses (those with abnormal appearance), number of corpora lutea (CL), and presence of any 
abnormal structures associated with the ovaries or oviducts.  Abnormalities were identified as 
follicular or luteal cysts (>12.9 mm) or fluid-filled oviducts.  
 
7.3.5 Statistical evaluation. 
 
Data were evaluated in SAS (SAS Institute, Inc., Cary, NC) using a mixed model 
ANOVA (PROC MIXED) for all continuous response variables and PROC GENMOD for binary 
response variables.  The continuous response variables included age and weight of gilts, number 
of normal fetuses, number of degenerative fetuses, and embryonic survival (total number of 
fetuses divided by number of CL at slaughter). The binary response variables included: 
pregnancy at slaughter. The MIXED and GENMOD models included the main effects of dose, 
number of inseminations, the interaction of dose x number of inseminations, boar, AI score, and 
replicate. Additional continuous variables such as number of large follicles at estrus and number 
of CL at slaughter were included as covariates to test for linear, quadratic and cubic effects. To 
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test for the effects of interval from insemination to ovulation and an abnormal ovary at slaughter 
on pregnancy rate and number of normal fetuses, one-way ANOVA procedures were performed 
using the MIXED and GENMOD procedures, respectively .    
To examine the effects of the procedures used for induction and synchronization and use 
of PG600 following LMF, one-way ANOVA was performed using PROC MIXED  with 
replicate group (1-3 or 4-6) and expression of estrus (Yes or No) following initial PG600 
treatment as class variables in the model. The response variables included the interval from LMF 
to estrus, duration of estrus, interval from insemination to ovulation, numbers of follicles and 
CL, pregnancy rate and number of fetuses. All means comparisons were performed using the 
LSMEANS statement in SAS and differences determined using the PDIFF option.  In addition, 
Pearson product moment-correlation analyses were performed using the PROC CORR function 
in SAS to determine the simple correlation relationship between the number of follicles >5.0 mm 
counted using ultrasound with the  final number of CL counted at slaughter.  
 
7.4 Results. 
 
7.4.1 Post-thaw sperm motility. 
 
 A total of 26 ejaculates were frozen from the 6 boars for use in this experiment.  Overall, 
the post-thaw motility of the ejaculates from all boars averaged 38% (range: 32-46%).  Each 
insemination dose included all ejaculates from the same boar. The post thaw motility for each 
boar averaged 38 ± 2.9% for boar A (3 ejaculates), 36 ± 4.0% for boar B (5 ejaculates), 46 ± 
3.5% for boar C (4 ejaculates), 32 ± 2.8% for boar D (7 ejaculates), 33 ± 6.4% for boar E (4 
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ejaculates), and 37 ± 3.8% for boar F (3 ejaculates). Each 0.5 mL straw contained ~94 x 106 
motile sperm cells.   
 
7.4.2 Response to estrus induction and synchronization. 
  
The initial pubertal response to the estrus induction treatment with PG600 was 66% with 
an interval of 100 ± 2 h (mean ± SE) from PG600 to estrus, with estrus lasting 42 ± 2 h.  
Expression of estrus following the pubertal induction with PG600 had no effect (P>0.20) on 
expression of estrus following LMF, or on final pregnancy rate. Use of PG600 following LMF 
reduced the interval from LMF to estrus (P<0.0001) in replicates 4-6 (130 ± 3 h) compared to 
replicates 1-3 (148 ± 3 h). Use of PG600 following LMF also reduced the duration of estrus 
(P<0.0005) in replicates 4-6 (42 ± 3 h) compared to replicates 1-3 (52 ± 3 h). However, the 
interval from onset of estrus to ovulation was not influenced by use of PG600 (P>0.20), and 
averaged 33 ± 1 h in replicates 1-3, and 34 ± 1 h replicates 4-6. PG600 increased (P<0.0001) the 
numbers of large follicles at estrus in replicates 4-6 compared to replicates 1-3 (22 vs. 16), but 
there was no effect of replicate on number of CL at slaughter, as replicates 1-3 and 4-6 each 
averaged 17 CL.  There was no effect of use of PG600 following LMF on pregnancy at 
slaughter, and averaged 76% for replicates 1-3, and 70% in replicates 4-6.  In addition, number 
of normal fetuses was not affected by use of PG600, with replicates 1-3 averaging 11.0 ± 0.7 and 
replicates 4-6 averaging 10.5 ± 0.7. 
The number of large follicles (>5 mm) counted during ultrasound and then validated by 
counting from playback of the digital recording on a digital imaging system were highly 
correlated (r=0.90, P<0.0001) and averaged 19.0 ± 0.7 follicles, but were unrelated to the number 
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of CL at slaughter (17.0 ± 0.3).  The AI score at 32 h following estrus averaged 2.7 ± 0.1 (3.0 = 
no volume loss), with 73% of inseminations having an AI score = 3, while 24% had an AI score 
= 2, and 3% had an AI score = 1.  Across all replicates at the time of slaughter, 7.2% of gilts had 
ovaries that were classified as abnormal, with 6 gilts having cystic structures and 2 gilts showing 
fluid-filled oviducts.   
 
7.4.3 Impact of dose and AI number on pregnancy rate and litter size.  
 
The average age (168.8 ± 1.2 d) and weight (114.5 ± 1.0 kg) of gilts assigned to each treatment 
based on estrus were not different among treatments (P > 0.20). 
 
7.4.4 Pregnancy. 
  
 Pregnancy rate at slaughter averaged 73.0 ± 4.2%.  There was no interaction of dose and 
number of AI and no effect of dose or number of inseminations (Table 1). There was no effect of 
boar (Table 2), but interval from insemination to ovulation influenced pregnancy rate (P<0.05, 
Table 3). Increased pregnancy rates were observed when insemination occurred at 4 hours before 
ovulation or up to 8 hours after ovulation, compared to earlier or later intervals. While most 
additional sources of variation had no effect on pregnancy, the presence of an abnormal ovary 
was associated with only a 12.5% pregnancy rate (P<0.0001).   
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7.4.5 Litter size. 
 
There was no significant interaction of dose and number of inseminations and no effect of 
dose on numbers of normal fetuses (Table 1).  However, number of inseminations tended to 
influence numbers of normal fetuses (P=0.14) with double inseminations resulting in greater 
numbers of normal fetuses (11.5 ± 0.6) compared to single inseminations (10.2 ± 0.6). Boar 
influenced numbers of normal fetuses (P<0.01) with boar A having the smallest and boar D the 
largest litter size (Table 2). Number of normal fetuses increased as insemination occurred closer 
to ovulation (P< 0.001, Table 3). Additional sources of variation had no effect on normal fetus 
numbers. Number of degenerating fetuses/litter averaged 0.4 ± 0.2 and was not influenced by 
dose and number of inseminations.   Embryonic survival (65.5 ± 3.0%) was not influenced by 
dose and number of inseminations or other variables but was affected by boar (P<0.005, Table 2) 
and interval from insemination to ovulation (P<0.005, Table 3).   
 
7.5 Discussion. 
 
The overall pregnancy rates (73%) and number of normal fetuses (10.8) observed in this 
study were somewhat higher than expected. It is not clear whether the gilts in this study would 
have actually maintained pregnancy to term and whether the normal fetus numbers would 
survive to be liveborn pigs, but assessments for fetal and ovarian measures for normality 
indicated there would be few limitations.  The aim of this study was to demonstrate that 
increasing the dose of motile, frozen-thawed sperm with double AI would result in acceptable 
pregnancy rates and litter sizes by compensating for reduced sperm quality and variation in time 
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of ovulation.  There was no indication that dose of frozen sperm interacted with numbers of 
inseminations to compensate for poor sperm fertility or variation in time of ovulation. However, 
double insemination tended to improve litter size compared to single insemination and as 
expected, interval from insemination to ovulation affected both pregnancy rate and litter size.  
Collectively it would appear that the technology for frozen boar sperm use can be reliable 
for producing pregnancy rates at ~70% and litter sizes of ~10 pigs. Most studies testing fertility 
of frozen-thawed boar sperm utilize frozen sperm numbers equivalent to 2.5-3.0 x 109 motile 
cells or 5-6 x 109 total sperm with similar fertility outcomes shown in the present trial (Johnson, 
1985; Roca et al., 2006c). In the present study, dose had no effect on pregnancy or litter size. 
From a practical standpoint, using the least amount of sperm would have the greatest advantages. 
Our test with 1 x 109 motile sperm in single or double AI resulted in pregnancy rates ≥70% and 
numbers of normal fetuses between 9.5-11.3. Most of the treatments resulted in good fertility for 
use of frozen boar sperm. Our results are similar to others who used greater numbers of sperm 
and with comparable numbers of gilts  (Eriksson and Rodriguez-Martinez, 2000a), and also with 
those using greater numbers of sperm and even larger numbers of sows (Eriksson et al., 2002).  
The effect of sperm dose has been tested for both liquid and frozen boar sperm. In some frozen 
boar sperm studies, altering dose had variable effects for pregnancy and litter size responses 
(Einarsson et al., 1973; Johnson, 1985; Larsson et al., 1977). Yet in certain studies with liquid 
semen (Watson and Behan, 2002) or with low dose, or deep uterine insemination (DUI) of frozen 
sperm, the effects of dose were quite clear (Bolarín et al., 2006).  The reasons for the 
discrepancies among studies may reflect differences in any of the following parameters: actual 
sperm dose (motile or total sperm used), number of inseminations, use of single sire or pooled 
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semen, boar fertility, AI timing, and the reproductive maturity and management of the animal 
used.   
Number of inseminations did not affect final pregnancy rate, but did tend to influence 
number of normal fetuses. It was surprising that there were  limited effects of number of 
inseminations, since a double AI system of frozen-thawed boar sperm had previously shown 
higher non-return rates and increased litter sizes in studies with fewer (Einarsson et al., 1973) 
and even more animals tested (Reed, 1985). In contrast to the present study, it is possible that the 
earlier methods of cryopreservation allowed for compensable fertility in response to number of 
inseminations.  However, although not significant in the present study, at the higher doses, 
pregnancy rates were greater, and this is similar to farrowing rate increases that have been noted 
with double AI compared to single AI in sows (Almlid et al., 1987).  Yet only a few studies have 
been conducted that have tested dose of frozen sperm with number of inseminations (Bathgate et 
al., 2008; Einarsson et al., 1973). In these studies, regardless of the AI method used (cervical or 
DUI), results indicate that more inseminations at higher doses yield higher fertility.   
Our experiment showed no clear choice for choosing optimizing final pregnancy 
establishment or litter size. The highest pregnancy rates were observed with 2 and 4 x 109 motile 
sperm with double AI, while the largest litter sizes occurred with 1 and 2 x 109 motile sperm in a 
double AI.  To examine the fertility and sperm use efficiency, fertility indices were created for 
total number of normal pigs produced / treatment (final pregnancy rate (x 100) x number of 
normal fetuses) and numbers of motile sperm / piglet produced (total number of motile sperm 
used per treatment / total number of normal pigs produced per treatment). Complete results can 
be seen in Appendix F (Table F.1).  The fertility index revealed that double AI of 1, 2, and 4 x 
109 sperm produced  more pigs (796, 998, and 934 pigs) than single AI (726, 739, and 701 pigs, 
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respectively). The index for number of sperm used per pig produced indicated that single 
insemination with 1 x 109 motile sperm was most efficient (0.14 x 109 sperm/pig). However, the 
greatest number of pigs was produced when using 2 x 109 motile sperm in a double insemination. 
If equal weight is given to both numbers of pigs produced and the numbers of sperm used for 
each pig produced, the double insemination at 1 and 2 x 109 motile cells allowed for the most 
pigs produced with least amount of sperm used per pig (0.25 and 0.40 x 109 sperm/pig, 
respectively). For production purposes a double insemination using 2 x 109 motile sperm would 
produce the greatest number of pigs consistently when using the least amount of frozen sperm. 
When access to valuable genetics is limited by increased demand, a double insemination using 1 
x 109 motile sperm would allow for acceptable pig production with minimal sperm use. 
Compensating for variation in the time of ovulation was a major objective of this study 
and the reason why double insemination was included. Double insemination is standard practice 
for commercial pig production when utilizing liquid semen (Flowers and Esbenshade, 1993; 
Kemp et al., 1996). Our timing system for the single and double AI following detection of estrus 
has been used in experiments with frozen sperm in gilts and sows with single (Aalbers et al., 
1985b; Johnson et al., 1982) and double inseminations (Eriksson et al., 2002; Eriksson and 
Rodriguez-Martinez, 2000a; Rodriguez-Martinez et al., 1996). These published trials with gilts 
showed pregnancy rates of ~60% (Eriksson and Rodriguez-Martinez, 2000a; Rodriguez-
Martinez et al., 1996), while the farrowing rates for the sow trials averaged ≥70% (Eriksson et 
al., 2002).  Our AI timing system was designed with a predicted estrus to ovulation average of 36 
h (Almeida et al., 2000; Bortolozzo et al., 2005; Horsley et al., 2005).  In the present study, time 
of ovulation averaged 33 h. We observed that 34% of gilts ovulated by 24 h, 42% by 36 h, and 
19% by 48 h. As a result, the majority of inseminations occurred close to ovulation, which is 
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important since frozen swine sperm has a shortened fertile lifespan in utero (Waberski et al., 
1994).  In the present study, interval from estrus to ovulation affected pregnancy rate, litter size, 
and embryonic survival similar to frozen sperm experiments using DUI (Bolarín et al., 2006). 
These fertility measures were greatest when gilts ovulated by 24 and 36 h. For gilts that ovulated 
by 48 h, pregnancy rate dropped to ~58% and litter size declined to 6.0 fetuses. Collectively, all 
studies show the importance of frozen sperm AI occurring close to the time of ovulation 
(Waberski et al., 1994; Wongtawan et al., 2006). Perhaps in the future, synchronization of 
ovulation could be used to prevent delayed ovulation when using frozen sperm (Okazaki et al., 
2009a).   
Although not novel, it is still important to account for the fact that in this and other 
studies, boar affects the number of normal fetuses, and embryonic survival (Almlid et al., 1987; 
Eriksson and Rodriguez-Martinez, 2000a).  Since we inseminated gilts based on total numbers of 
motile sperm, boar differences in this measure was not a factor in gilt fertility. However, 
variance in post-thaw motility was evident among boars and ejaculates. Post-thaw motility 
averaged 38% and was lower than the 50% motility reported by (Eriksson et al., 2002; Roca et 
al., 2003) while farrowing rates and litter sizes were similar.  However, poor motility does not 
always translate to reduced fertility for liquid or frozen boar sperm (Eriksson et al., 2002; 
Flowers, 1997). It should be noted that some in some experiments, boars are selected based on 
post-thaw sperm survival for use in frozen sperm fertility tests (Hernandez et al., 2007b; Okazaki 
et al., 2009b). However, in the present study, boars were selected on previous history for 
commercial litter production with liquid semen. As a result, we did observe boar fertility 
differences similar to that reported by (Flowers, 2002).   
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While our experiment focused on the primary fertility measures of pregnancy rate and 
number of normal fetuses in early gestation, the timing of animal sacrifice allowed us to obtain 
data on numbers of degenerative fetuses and embryonic survival.  Both factors provided us with 
an indication of the overall health of the litter. Unexpectedly, we observed that treatment in some 
cases affected numbers of degenerating fetuses. This observation has not been described 
previously in the literature for frozen boar sperm and although unexplained in the present trial, 
could result from greater populations of sperm present near the time of ovulation, which can 
affect fertilization rates and accessory sperm numbers (Soede et al., 1995b; Waberski et al., 
1994), embryonic development and fetal health (Bertani et al., 1997), competition for uterine 
space (Town et al., 2005),  or fertilization with sperm containing damaged genetic material 
(Córdova et al., 2002; den Daas, 1992; Watson, 2000). Additional variables were also examined 
for their effects on fertility when using frozen boar sperm. Insemination technique had no effect 
on fertility since the AI score was very good. This was important to test since the volume of the 
inseminate has been reported to affect sperm transport, the sperm reservoir, and fertilization 
(Baker et al., 1968).  Number of follicles at estrus, and number of CL also did not influence litter 
size or measures of litter health. However, previous studies have suggested that ovulation rate 
could influence embryonic survival, pregnancy, and litter size during early gestation (Foxcroft et 
al., 2007; Town et al., 2005).  Since follicle numbers and ovulation rate were within normal 
limits, it is not surprising that we did not observe any effect on fertility. 
Our experiment used prepubertal gilts induced with PG600, with subsequent progestagen 
synchronization to measure fertility from use of frozen boar sperm.  Gilt weight, age and initial 
estrus had no effect on estrus synchronization or fertility outcomes. Despite an initial estrus 
induction response <70%, subsequent synchronization with Matrix resulted in an estrus 
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synchrony response of >90% similar to other reports (Estienne et al., 2001).  As a result, it is 
possible that insemination may have occurred at pubertal estrus for ~30% of gilts. Assessment of 
our synchronized gilt model for fertility indicated normal measures for duration of estrus, 
interval from estrus to ovulation, numbers of large follicles at estrus, and numbers of CL 
(Bracken et al., 2003; Breen et al., 2006; Horsley et al., 2005). The effect of PG600 on reducing 
the interval to estrus without influencing interval from estrus to ovulation has been observed in 
weaned sows (Knox et al., 2002) and suggests that use of PG600 changes the time of ovulation 
from 63% of the way through estrus (replicates 1-3) to 78% (replicates 4-6). Numbers of CL can 
be an important component to consider when accounting for differences in fertility responses.  
To account for possible fertility effects, we counted large follicles at estrus and correlated these 
to digital recordings. Others have also examined this and correlated ultrasound measures with 
use of laparoscopy (Bolarin et al., 2009). However, it is of interest to note that follicle counts 
were not correlated with the number of CL at slaughter and has been reported previously (Soede 
et al., 1992). It is possible that this discrepancy might be explained by follicle heterogeneity in 
response to the LH surge and subsequent ovulation (Hunter and Wiesak, 1990; Knox, 2005). 
Finally, we noted that 7% of gilts in our study had cystic ovaries or fluid-filled oviducts. In either 
case, this had a negative impact on pregnancy rate and number of normal fetuses. These 
occurrences were unrelated to use of PG600 and these problems have been observed in mature 
gilts and sows (Heinonen et al., 1998) with associated reduction in fertility (Castagna et al., 
2004; Waberski et al., 2000).  
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7.6 Conclusion. 
 
There was no interaction of dose and number of inseminations when using frozen boar 
sperm on fertility. The results of this study indicate that double insemination with 1-2 x 109 
motile, frozen-thawed boar sperm could be used to achieve acceptable pregnancy rates and litter 
sizes with the most efficient use of sperm. Use of single AI with any dose or use of 4 x 109 
motile sperm in a double AI was not efficient for pig production or use of sperm. Variation in 
estrus to ovulation and hence, interval from AI to ovulation, and boar fertility accounted for 
significant fertility effects. Methods to control ovulation time and maximize boar fertility would 
aid this technology. The induction and synchronization procedure for prepubertal gilts proved to 
be an effective method for testing frozen sperm fertility.  
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7.7 Tables. 
 
Table 7.1 Least squares means for pregnancy and litter data in response to treatment with dose of motile, frozen-thawed sperm (1-4 x 
109) and number of inseminations (single or double).  Data were collected from mature gilts between d 28-34 of gestation. 
 
Motile sperm  (x 
109) 
Number of AIa Pregnancy at slaughter 
(%)c  
Normal fetusesb,c Degenerative 
fetuses c 
Embryonic survival 
(%)c 
1 1 76.4 (14/19)    9.5 ± 1.1 0.2 ± 0.4 61.5 ± 5.8 
1 2 70.4 (13/19)  11.3 ± 1.2 0.0± 0.4 65.6 ± 6.1 
2 1 71.1 (13/19)  10.4 ± 1.2 0.4 ± 0.4 67.3 ± 6.0 
2 2 79.2 (14/18)  12.6 ± 1.1  0.1 ± 0.4 71.0 ± 5.7 
4 1 66.1 (12/17)  10.6 ± 1.2 0.7 ± 0.4 59.2 ± 6.5 
4 2 87.3 (15/19)  10.7 ± 1.1  1.0 ± 0.4 69.5 ± 5.8 
Numbers within parenthesis are proportions of gilts included. 
aAI occurring at 32 h after detection of estrus for single AI and at 24 and 32 h for double AI. 
bThere was a trend for number of AI to effect the number of normal fetuses (P=0.14). 
cThere was no effect of number of motile sperm, or the interaction of motile sperm x number of AI (P>0.05).  
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Table 7.2 Least squares means for pregnancy and litter data in response to the main effect of boar in GENMOD and MIXED models 
following insemination with 1-4 x 109  motile, frozen boar sperm in a single or double AI. Data were collected from mature gilts 
between d 28-34 of gestation. 
  
Boar Pregnancy at slaughter 
(%) 
Normal fetuses Degenerative fetuses Embryonic survival (%) 
A 78.6 (15/20)   7.2 ± 1.1z  0.4 ± 0.4 42.9 ± 6.1z 
B 77.7 (14/18)   9.8 ± 1.1x 0.1 ± 0.4 74.1 ± 6.1xy 
C 73.1 (13/19) 10.8 ± 1.1xy 0.1 ± 0.4 65.1 ± 6.2xy 
D 71.4 (13/18) 13.8 ± 1.2y 0.5 ± 0.4 75.8 ± 6.6y 
E 83.9 (15/18) 12.6 ± 1.1y 0.4 ± 0.4 74.9 ± 6.0xy 
F 65.7 (11/18) 10.9 ± 1.3xy 1.1 ± 0.4 61.3 ± 6.8x 
Numbers in parenthesis are proportions of gilts. 
xyz Different superscripts within a column indicate significant differences (P<0.05).  
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 Table 7.3 Least squares means  resulting from GENMOD and MIXED models for pregnancy and litter data in response to estrus to 
ovulation interval following insemination with 1-4 x 109 frozen boar sperm in a single or double AI. Data were collected from mature 
gilts between d 28-34 of gestation. 
 
Estrus to 
ovulation  
(h)a 
Interval from  
last AI at 32 h 
 to ovulationb   
Pregnancy at  
slaughter (%) 
Normal  
fetuses 
Degenerative  
fetuses 
Embryonic  
survival (%) 
12 +20 50.0     (2/4)xz 15.0 ± 3.0y 0.0 ± 1.0 75.5 ± 16.8y 
24 +8 80.0 (27/35)y 12.1 ± 0.8xy 0.4 ± 0.4 76.0 ±   4.7y 
36 -4 88.1 (37/43)y 11.1 ± 0.7xy 0.2 ± 0.3 64.0 ±   4.1y 
48 -16 57.8 (11/19)x    6.0 ± 1.3z 0.1 ± 0.5 44.3 ±   7.2x 
60 -28   0 .0     (0/1)z      - - - 
aEstrus detection and trans-rectal ultrasound were conducted at 12 h intervals.  
bUse of ultrasound allowed for observation of ovulation in 101/111 gilts. 
Numbers within parentheses are proportions of gilts. 
x,y,z Different superscripts within column indicate differences. 
-no estimate 
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Appendix A: semen cryopreservation, evaluation, and breeding protocol. 
 
Boar semen freezing protocol. 
 *Calculations are in sections 6 and 7. 
 
1) Semen collection and processing. 
1. Collect boar sperm rich faction (~75-125ml). 
2. Measure total volume. 
3. Dilute the ejaculate by 1:1 (mL semen: mL extender 37ºC). 
4. Allow to cool to 17ºC. 
5. At stud –Evaluate: determine concentration, motility (75%), and other measures 
(normal). 
 
 
2) Semen shipping. 
o Ship via courier (o.n. air) at 4 PM pickup for next day delivery 10 AM. Cold packs 
always used to maintain 17ºC. 
 
3) Semen extension and cooling phase.  
 
Cooling and freezing medium – Androhep CryoGuard cooling/freeing extender (Minitube of 
America, Verona, WI) [freezing extender contains 6% glycerol] 
 
Cooling and freezing. 
1. Upon arrival at semen freezing lab place in 17ºC cooler in 17ºC water bath.  
2. Measure volume. 
3. Evaluate for concentration and motility. 
4. Calculate Total number of Sperm cells in Ejaculate (TSE). 
5. Calculate Final Volume (FV). 
6. Weigh empty centrifuge tube. 
7. Centrifuge semen (1:1 dilution) at 17ºC at 800 x g for 12.5 minutes, in a 50 to 500 mL 
conical tubes. 
8. Aspirate supernatant [under sterile hood with vacuum and flask]. 
9. Weigh centrifuge tube and pellet, and subtract Pellet Weight (PW) from half of final 
volume (FV). 
10. Add Cooling Medium Volume (CMV) pre-cooled to 17ºC. 
11. Gently re-suspend pellet using ~10 mL pipette. 
12. Place in cold room at 5ºC in a 5ºC water bath and cool slowly for 1.5 hours. 
a. [place additional freezing medium and equipment in cold room as well] 
13. Monitor temperature. 
14. Calculate Freezing Medium Volume (FMV). 
15. When the temperature reaches 5ºC, hold for 45 minutes. 
16. Total time at 5ºC should be minimum of 2.5 hours.  
17. Add the last 50% of freezing cryoprotectant or FMV and mix.  
18. Final volume will result in desired Freezing Concentration (FC).  
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4) Semen packaging and freezing phase. 
1. Immediately fill and seal labeled 0.5mL straws [2 x volume in mLs] in cold room. 
2. Shake straw magazine to get air bubble to middle of the straws. 
3. Allow the Ice Cube (Minitube) to reach start temp. 
4. Open cover [ice cube stops] and place metal straw racks with straws in. 
5. Start Ice Cube, beginning the pre-programmed freezing curve (below). 
6. After cycle has finished tell machine to stop. 
7. Wearing 3 to 4 pairs of latex gloves remove racks from machine. 
8. Plunge straws into liquid nitrogen in a styrofoam box. 
9. Submerge canes with attached goblets in liquid nitrogen. 
10. Fill goblets with straws using forceps. 
11. Quickly transfer to bulk liquid nitrogen tank. 
 
**place metal equipment in cold room night before. 
**use following freezing curve. 
 
Freezing Table 
Time (min) Temp ºC Slope (ºC /min) 
0 2 0  
3 -4 2  
0.87 -30 30  
1 -25 5  
11.5 -140 10  
 
 
Freezing Curve Figure. 
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6) Thawing.  
 
Thaw extender- use Androhep CryoGuard Thaw Exdender or EnduraGuard (Minitube).  
NOTE: Allow extender to incubate an hour at 37ºC before use.   
 
Thaw.  
1. Remove Straw from tank and place in circulating 50ºC circulating water for 15-20 
seconds (maximum 20).   
2. Remove from water and dry with paper towel  
3. Shake air bubble to cotton end. 
4. Cut ball end off of straw  
5. Push semen out of straw with a wire or paper clip using cotton as a plunger.  
 
Insemination. 
1. Empty straw into desired volume of extender at 26ºC. 
2. Repeat until desired number of cells are in the extender. 
3. Mix sample by gently inverting the tube. 
4. Inseminate sow as soon as possible using same procedure as standard for liquid semen. 
 
7) Pre-freeze and post-thaw motility evaluation. 
 
For evaluation (pre-freeze and post-thaw). 
1. Using thaw procedures above, empty straw into empty test tube [omit pre-freeze]. 
2. Use serial dilution listed below.  
3. Allow to incubate in thaw extender at 37ºC for minimum of 10 minutes. 
4. Place sample on pre-warmed slide and place cover over sample.  
5. Allow slide to sit on the warmed stage for 1 to 2.5 minutes. 
6. Use a phase-contrast microscope with a 20x power objective. 
7. Count 10 fields of 10 cells each, recording moving and forward moving (progressive) 
sperm. 
8. Motility after 5 minutes on the slide may not be accurate [very short slide life span]. 
**Initial incubation may be extended to 15 or 20 minutes, but 10 minutes is appropriate. 
 
8) Serial dilutions and calculations for concentration. 
 
Serial Motility/Concentration Dilution (post-thaw concentration of ~1.4x109 cells/mL). 
1. One straw into empty test tube. 
2. [1/4] = 100 uL semen : 300 uL extender 
3. [1/40] = 100 uL semen : 900 uL extender --- measure motility (pre-freeze/post-thaw) 
4. [1/400] = 100 uL semen : 900 uL kill solution --- measure concentration (post-thaw) 
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Pre-freeze dilution for concentration (semen at 1:1 extension). 
1. [1/10] = 100 uL semen : 900 uL extender 
2. [1/100] = 100 uL semen : 900 uL kill solution --- measure concentration 
 
Concentration calculation. 
 
(Average of hemacytometer counts) x (5) x (dilution factor, ie. 1 for 1:100, 4 for 1:400) x 104 x 
102 = [concentration]x106 sperm/mL 
 
9) Freezing extension calculations. 
 
Key 
 
PFV    = Pre-freeze Volume of sperm (mLs diliuted 1:1) 
TSE  =  Total number of Sperm cells in Ejaculate (109 sperm cells) 
FC = Freezing Concentration (ex: 1.4x109 sperm/mL) 
FV = Final Volume (mL) 
FMV = Freezing Medium Volume (mL) 
CMV  = Cooling Medium Volume (mL) 
PW = Pellet Weight (g) 
SN = Number of Straws (0.5 mL) 
 
Step 1 
 
(concentration converted to 109) x PFV = TSE 
 
Step 2 
 
TSE / FC = FV 
 
Step 3 
 
FV / 2 = [answer] – PW = CMV 
 
Step 4 
 
FV /2 = FMV 
 
Step 5 
 
FV x 2 = SN 
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Appendix B: individual boar and ejaculate data. 
 
Figure B.1 Post-thaw motility (%) of ejaculates (n=41) frozen at the University of Illinois between November 2006 and September 
2008. Average 55.6±1.1% (mean±SE) (range 43-70%).  Motility evaluation was preformed with a phase-contrast microscope utilizing 
a 20x power objective at a 1:40 dilution. 
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Figure B.2 Post-thaw motility (%)s, and ± SEs of boars (n=11) frozen twice at the University of Illinois between November 2006 and 
September 2008.  Standard errors obtained with the “proc means statement” in SAS.  Motility evaluation preformed with a phase-
contrast microscope utilizing 20x power objective at a 1:40 dilution. 
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Figure B.3 Post-thaw motility (%)s, and ± SEs of boars (n=3) frozen three times at the University of Illinois between November 2006 
and September 2008.  Standard errors obtained with the “proc means statement” in SAS.  Motility evaluation preformed with phase-
contrast microscope utilizing 20x power objective at a 1:40 dilution. 
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Appendix C: additional viability and fertility estimations. 
Table C.1 Post-thaw evaluation of motility and membrane integrity for the potential usefulness of ejaculates (n=39), and pools (n=3) 
as assessed at the USDA labs in Ft. Collins, CO.  Samples were taken at 0 min and 60 min following thaw. Motility evaluation was 
conducted with a Hamilton Thorne machine as described by Purdy, 2008b. 
Ejaculate Boar MotT0a MotT60 a ProgT0b ProgT60b PMI0 c PMI60 c LAR0 d LAR60 d 
Breed 
Y/Nf 
53 A 6 6 2 0 68 68 1 2.8 NO 
30 B 10 49 3 21 64 60 4.5 4.3 Yes 
42 C 32 34 9 14 50 50 2.9 2.8 Yes 
48 C 14 5 1 1 54 59 1.5 2.9 NO 
23 D 9 7 2 0 53 50 7.3 9.1 NO 
20 E 2 2 0 0 60 61 2 2.7 NO 
35 E 1 4 0 0 49 47 1.5 2.1 NO 
14 G 7 1 1 0 55 60 2.1 1.8 NO 
19 G 10 16 1 2 48 50 2.6 3.3 NO 
52 H 29 34 9 15 76 72 1.3 3.7 Yes 
18 J 2 11 0 1 74 76 0.8 1 NO 
27 J 35 45 12 12 63 59 3.1 3.3 Yes 
22 K 33 52 11 28 62 63 1 1.9 Yes 
13 L 24 48 3 26 53 55 2.1 6.5 Yes 
13 L 60 46 32 19 61.7 56.2 2.4 8.4 Yes 
49 M 21 23 6 5 40 34 1.4 3.3 Yes 
17 O 17 16 7 5 67 59 3.4 9.3 NO 
32 P 43 8 19 0 59.3 40.8 4.6 6.4 NO 
32 P 32 17 10 3 58 48 1.8 4 Yes 
38 P 56 61 31 30 56 47.6 10 5.3 Yes 
47 Q 20 20 4 5 59 69 2.7 5 Yes 
21 R 26 13 13 5 50 48 1.7 3.4 Yes 
43 S 27 27 8 12 47 51 1.1 3.8 Yes 
54 S 38 33 17 9 68 66 2.7 5.4 Yes 
12 T 2 21 0 3 43 38 0.7 5.1 Yes 
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Table C.1 (cont.) 
Ejaculate Boar MotT0a MotT60a ProgT0b ProgT60b PMI0c PMI60c LAR0d LAR60d 
Breed 
Y/N 
44 U 8 43 1 13 70.4 63.6 15.1 19.7 NO 
50 U 8 45 1 13 62.7 57 8.9 16 NO 
39 V 2 16 0 2 48.4 43.4 33.4 16.8 NO 
40 V 6 24 0 5 50.5 45 19.9 17.8 Maybe 
45 V 3 19 0 3 45.4 42.7 18.2 25.9 NO 
36 W 9 49 2 23 45 42.7 3.1 4.4 Maybe 
37 W 5 30 1 11 43.3 35 6.4 10.7 NO 
24 X 58 28 29 8 58.4 52 4.2 9.5 Maybe 
25 X 34 20 12 6 33.9 26.4 2.3 5.3 Maybe 
28 Y 8 33 0 8 55 51 13.2 13.8 NO 
29 Y 14 49 2 21 57 50 9.2 9.5 Maybe 
31 Y 8 37 1 10 53 48 11.9 14 NO 
41 Pool 1A 42 41 12 14 50.4 34.3 2.1 4.2 Yes 
41 Pool 1A 30 31 8 6 42 41 2 4.3 Yes 
46 Pool 1B 11 10 1 0 53.2 42.6 4.1 4.6 NO 
46 Pool 1B 33 19 17 8 56 57 1.8 3.6 Yes 
51 Pool 2A 15 18 6 6 55 59 1.6 3.8 Yes 
  Mean  20.2 26.5  7 8.9 55.2 51.9 5.32 6.94 
45% 
Yes 
 ±SE 2.52 2.47 1.32 1.28 1.43 1.70 1.0 0.86  
aMotility (%). 
bProgressive Motility (%). 
cPlasma Membrane Integrity (%).  
dLive Acrosome Reacted (%). 
fClassification of fertility evaluation [YES = pass or fertile], [NO or Maybe = fail or infertile]. 
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Appendix D: freezing expense evaluation. 
 
Table D.1 The cost of freezing one ejaculate of semen related to evaluation and freezing supplies.  Dollar values estimated in fall 
2006.  Estimated 100x109 sperm/ejaculate, frozen at 1.4x109 sperm/mL, requiring 143 half cc straws.  Does not include fixed costs 
such as depreciation of equipment, or variable costs such as facility space fees. 
Expense Bulk Cost Unit Cost 
Amount 
used $Cost/ejac with 2% ship$ supplier/page no. Part No. 
Shipping       30 30     
Processing               
Slides 144/36.70 0.255 7 1.785 1.8207 Fisher07 p 1171 12-549 
Cover Slips 156/19.36 0.124 5 0.62 0.6324 Fisher07 p 1173 12-542-B 
Large Slips  55/20.57 0.374 2 0.748 0.76296 Fisher07 p 1173 12-545-M 
transfer pipets 500/39.53 0.079 5 0.395 0.4029 Fisher07 p 1392 13-711-7 
pipetman tips 1300um 1000/40.45 0.04 5 0.2 0.204 Fisher07 p 1437 02-681-160 
pipetman tips 200ul 1000/31.27 0.031 5 0.155 0.1581 Fisher07 p 1437 02-681-140 
ETOh 3.79L/30.59 0.008 50 0.4 0.408 Henery Shine 102-4799 
Saline 1L/.5562 0.000556 20 0.01112 0.0113424 Sigma p 2183 S6191-500G 
Small tubes 1000/62.08 0.0628 5 0.314 0.32028 Fisher07 p 1972 14-961-25 
Unipet 100/220.36 2.204 2 4.408 4.49616 web 13-680 
Unipet Capillary 100/113.05 1.131 2 2.262 2.30724 web 13-680-14 
Live Dead solution 100ml/.506 0.0051 4 0.0204 0.020808     
Thaw extender 500g/80.55 0.16 3 0.48 0.4896 Minitube 13533/3010 
Extension               
Cooling Extender 100ml/17.325 0.173 36 6.228 6.35256 Minitube 13533/2009 
Freezing Extender 100ml/17.325 0.173 36 6.228 6.35256 Minitube 13533/2009 
Connical Tubes 
(250ml) 102/165.81 1.626 2 3.252 3.31704 Fisher07 p 206 05-538-53 
Connical Tubes (15ml) 500/184.05 0.368 2 0.736 0.75072 Fisher07 p 1952 05-539-5 
Plastic Pipett 10ml 200/86.50 0.433 2 0.866 0.88332 Fisher07 p 1386 07-200-11 
Glass Pipett 5-3/4" 720/59.04 0.082 1 0.082 0.08364 Fisher07 p 1391 13-678-20A 
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Table D.1 (cont.) 
 
Expense Bulk Cost Unit Cost Amount used $Cost/ejac with 2% ship$ supplier/page no. Part No. 
Freezing                
Liquid N in 
freezer 50   1/4 tank 12.5 12.5     
Liquid N in tub       5 5     
Storage               
Ink 1/30.29         Minitube 19882-0211 
labels 250/50.40 0.202 143 28.886 29.46372 Minitube 13240-2305 
washers/filling 5000/122.40 0.0245 12 0.294 0.29988 Minitube 13133/3000 
Straws 2500/112.5 0.045 143 6.435 6.5637 Minitube 13408/0010 
Balls 1000/9 0.009 143 1.287 1.31274 Minitube 13400/9900 
Canes 20/3.96 0.198 10 1.98 2.0196 Minitube 16965/6013 
Tubes 150/27.00 0.198 20 3.96 4.0392 Minitube 16913/0133 
gloves 100/17.80 0.178 4 0.712 0.72624 Fisher 11-462-68C 
Storage N       5 5     
               
Labor  $15/hour 10 hours 150 150   
        
  Total  275.24 276.70   
        
  Cost$/Straw  1.92 1.93   
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Appendix E: biosecurity certification agreements.  
 
Consensus on boar characteristics and biosecurity levels from stud and exporter meetings. 
 
The information gathering meetings were a success and a number of guidelines were set 
in regards to collection and evaluation procedures, as well as biosecurity certification levels.  
Boars used for freezing were to be a minimum of 8 months of age, be physically sound, and 
provide three consecutive viable collections before freezing.  From a health and biosecurity stand 
point, animals added to herds in this project were to be isolated for 30 days in a separate location 
with multiple blood tests during that period.  Downtimes of 24 h for visitors are preferred, while 
rodent and bird control measures are required.  Boars achieving the minimum level of 
certification would be certified healthy though official veterinary diagnostic records, and have 
negative blood tests for Brucellosis, Pseudorabies, PRRS, and PCV2.  Additional blood tests as 
well as vaccinations were major areas of interest for certification levels, however it was decided 
that frequency of tests and types of vaccinations would be determined by regulations for export 
regions of interest. Thus, markets of interest will determine certification levels and their 
minimum requirements.  Studs agreed that ejaculates included were to have been collected 
utilizing disposable collection materials, and be free of large amounts of bacteria, as well as be 
free of off colors, debris, and odor.  In order to be shipped for freezing, ejaculates must have a 
minimum of 70% motility at collection.  Semen frozen will have detailed labels including stud, 
boar ID, biosecurity certification level, and date frozen.   
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Appendix F: fertility index.  
 
Table F.1 Index rankings for predicted number of pigs produced, number of sperm used per pig produced, and additive index ranking 
in response to treatment with dose (1-4x109) of motile, frozen-thawed sperm and number of inseminations (single or double).   
 
Motile sperm  
(x 109) 
Number of 
AIa 
Predicted 
pigs 
produced b 
Index rank 
for pigs 
producedc 
Motile 
sperm/pig 
producedd 
Index rank of 
sperm/pig 
producede 
Additive 
index scoref 
Combined 
index 
rankingg 
1 1 725.8 5 0.14 x109 1 6     2 
1 2 795.5 3 0.25 x 109 2 5     1 
2 1 739.4 4 0.27 x 109 3 7     3 
2 2 997.9 1 0.40 x 109 4 5     1 
4 1 700.7 6 0.57 x 109 5 11   5 
4 2 934.1 2 0.86 x 109 6 8     4 
aAI occurring at 32 h after detection of estrus for single AI and at 24 and 32 h for double AI.  
bPredicted pigs produced from Table 2 (pregnancy rate (x 100) x number of normal fetuses).  
cRanking based on greatest numbers of pigs produced. 
dTotal number of motile sperm used divided by numbers of pigs produced per treatment. 
eRanking based on least number of sperm used to produce a single pig. 
fValue based on addition of the index ranking for predicted pigs produced and motile sperm/pig produced. 
gRanking based on lowest additive index score. 
 
 
